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ABSTRACT 
 
 Over the past couple decades, fiber reinforced polymer (FRP) composites have emerged 
as a lightweight and efficient repair and retrofit material for many concrete infrastructure 
applications. FRP can be applied to concrete using many techniques, but primarily as either 
externally bonded laminates or near-surface mounted (NSM) bars or plates. These repair 
methods have been shown to be effective when used to provide supplemental flexural and shear 
reinforcement for reinforced concrete and prestressed concrete beams. One problem afflicting 
bridge girders in cold climates is the deterioration of the girder ends due to deicing salt exposure, 
thus reducing their shear strength. This thesis presents the results of the beginning stages of an 
Illinois Department of Transportation (IDOT) sponsored study to use FRP materials to repair and 
retrofit the damaged ends of prestressed concrete beams. 
 In the first phase of the study, direct shear pull-out tests on glass-FRP (GFRP) and 
carbon-FRP (CFRP) externally bonded laminate and NSM bar concrete specimens are 
performed. An accelerated aging scheme consisting of freeze/thaw cycling in the presence of a 
deicing salt solution is implemented to determine the effect of long-term environmental exposure 
on the FRP/concrete interface. In the next phase, three-point bending tests are performed on 
small scale prestressed concrete beams. End region deterioration is simulated by imposing 
damage to the cover concrete, and mortar and FRP repairs are applied to test their effectiveness. 
Finally, a 3D finite element (FE) model of a full scale prestressed concrete (PC) I-girder is used 
to investigate the effect of damage to the cover concrete and stirrups in the end region of the 
girder. Parametric studies are performed using externally bonded CFRP shear laminates to 
determine the most effective repair schemes for the damaged end region. The results of the shear 
iii 
 
pull-out tests of CFRP laminates that have undergone accelerated aging are used to calibrate a 
bond stress-slip model for the interface between the FRP and concrete substrate and approximate 
the reduced bond stress-slip properties associated with exposure to the environment that causes 
this type of end region damage. The results of this study indicate the potential for FRP repairs to 
be an effective means of recovering the original strength of PC bridge girders with damaged end 
regions, even after environmental aging.  
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CHAPTER 1: INTRODUCTION 
 
1.1 RESEARCH MOTIVIATION        
 Much of the existing concrete infrastructure in the United States is near the end of 
its design life and in need of replacing, rehabilitation, or repair. Over 58,000 bridges have 
been deemed structurally deficient in 2016 (ARTBA 2016). Many of these structurally 
deficient bridges are located in the Northeast and Midwest, where harsh climates cause 
deterioration in concrete structures at an accelerated rate. One specific problem that plagues 
concrete bridge girders is the deterioration of girders’ end regions due to failure of 
expansion joints, which allows water containing deicing salts to flow onto the girder ends. 
Freezing and thawing cycles of these saturated girder ends cause scaling and spalling of 
the cover concrete. This can directly expose the steel reinforcement to chlorides, which can 
lead to severe corrosion and further spalling of concrete. Because of the localized nature 
of this damage, which may extend only a few feet from the bearing location, the primary 
concern is shear failure. In practice, mortar repairs are often used to replace this damaged 
cover concrete caused by exposure to deicing salts and freeze/thaw cycling (Figure 1.1). 
While aesthetically restorative, a mortar repair alone may not be sufficient in restoring the 
original shear capacity and stiffness at the end of the girder. Thus, supplemental external 
reinforcement may be required in order to continue to use these girders in the field and 
avoid costly replacement. 
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(a) End damage of girder (Ramseyer and Kang 
2012) 
(b) Typical mortar repair of girder end 
Figure 1.1: End region damage and mortar repair of concrete bridge girder 
  
 
Fiber reinforced polymer (FRP) composite materials have emerged over the past 
two decades as an effective repair and rehabilitation solution for many concrete 
infrastructure applications. In an effort to determine a means of safely and efficiently 
rehabilitating bridge girders with damaged end regions, the Illinois Department of 
Transportation (IDOT) has sponsored a study into using FRP materials for this application. 
The goals of this project are to: 
• Determine if FRP composite materials are suitable and effective in restoring the 
shear capacity of prestressed concrete (PC) bridge girders with end region damage. 
• Study the long-term behavior of various FRP systems to determine the resistance 
of these systems to the kind of aggressive environment in which they will be used. 
• Determine the most effective and efficient FRP repair system through experimental 
testing and finite element parametric studies. 
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1.2 THESIS OUTLINE         
 This thesis presents the experimental and analytical research findings of the first 
stages of an IDOT sponsored study performed at the University of Illinois at Urbana-
Champaign (UIUC). Chapter 1 provides the motivation and background for this study. 
 Chapter 2 presents an overview of literature relevant to the research interests of this 
study. This includes more information on FRP systems used in civil infrastructure, previous 
uses of FRP materials as shear reinforcement for concrete beams, and research on the 
effects of environmental exposure on the bond between concrete and FRP.  
Chapter 3 presents experimental test results of shear pullout tests for two types of 
FRP systems investigated in this project. An accelerated aging scheme is introduced to 
determine the effects of deicing salt exposure and freeze/thaw cycling on the bond-slip 
behavior of the concrete/FRP interface. 
Chapter 4 presents experimental test results of three point bending tests performed 
on small scale PC T-beams. This includes information on the design and fabrication of the 
beams. This series of tests investigates the effects on the shear behavior due to concrete 
cover damage at the beam end regions, a mortar repair, and the application of several types 
of FRP repairs.  
Chapter 5 outlines the development of a finite element model of a full-scale PC I-
girder using Abaqus (Dassault Systèmes 2013). This model is used to perform parametric 
studies using CFRP laminates to determine the most effective scheme for repairing the 
damaged end region of a PC concrete girder in shear.  
Chapter 6 summarizes the important findings of these experimental and analytical 
studies.  
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 FRP COMPOSITES FOR CONCRETE INFRASTRUCTURE REPAIR 
 Advantages of FRP composite materials over conventional steel reinforcement are 
their high strength to weight ratio and resistance to corrosion. These two qualities make 
FRP composites ideal materials for repair and rehabilitation of civil infrastructure, 
specifically concrete infrastructure. The two primary FRP systems used for these types of 
applications are externally bonded laminates and near-surface mounted (NSM) bars or 
plates. Externally bonded systems are comprised of a fiber sheet or mat (typically glass or 
carbon), which is impregnated with a resin to create the composite material. One method 
of applying the laminates to the concrete surface is through a wet layup approach 
(Alkhrdaji 2015), in which the resin serves to both saturate the fibers and bind the sheet to 
the concrete surface at the same time (Figure 2.1(a-b)). The flexibility of the fiber sheets 
makes the wet layup approach an effective option for adding external FRP shear 
reinforcement to a beam, which requires the wrapping of FRP around the beam’s contour, 
typically done with a U-wrap around the bottom of the beam. Another approach is to glue 
pre-cured laminates to the concrete surface using an epoxy resin (Figure 2.1(c-d)). One 
disadvantage to this method is that it can only be used in situations with flat geometries, 
since the rigidity of a pre-cured laminate prevents it from being bent around corners. 
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(a) Wet layup application (b) Wet layup CFRP on column 
(c) Precured FRP plate application (d) CFRP plate flexural reinforcement of 
slab 
Figure 2.1: Externally bonded FRP laminates (Mojarrad 2015) 
 
 
NSM FRP systems use thin precured strips or pultruded bars. The installation 
process differs from that of externally bonded plates, however. First, a groove is cut into 
the concrete surface, and the concrete in between the cuts is chiseled away. The groove is 
cleaned and all dust is removed with compressed air. Tape is applied to the sides of the 
groove for a clean final appearance. Then, the bar or thin strip is fastened into the groove 
with a filler material, such as an epoxy resin or cement grout. After leveling the adhesive 
with a trowel, the tape is removed (prior to curing of adhesive). This process is illustrated 
in Figure 2.2. One advantage of NSM systems compared to externally bonded laminates is 
that they protect the FRP reinforcement from direct environmental exposure. 
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(a) Cut groove (b) Chisel concrete from 
groove 
(c) Clean groove 
 
 
(d) Apply tape (e) Partially fill groove w/ 
adhesive 
(f) Insert FRP bar 
  
(g) Fill groove w/ adhesive (h) Trowel adhesive (i) Remove tape 
Figure 2.2: NSM FRP system installation (Hughes Brothers 2011a) 
 
 
2.1.1 FRP Repair of Concrete Girders 
 Use of externally bonded FRP laminate and NSM FRP repair and strengthening 
systems for concrete bridge girders was originally developed for flexural applications; 
more recently, externally bonded laminates have also emerged as an effective means of 
strengthening beams in shear. Guidelines and codes for designing these types of systems 
have been produced by many organizations (AASHTO 2012; ACI 2008; Belarbi et al. 2011; 
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CSA 2012; Darby et al. 2012; FIB 2001; Zureick et al. 2010). Research has been performed 
on NSM bar and strip systems for shear applications (De Lorenzis and Teng 2006; Nanni 
et al. 2003; Dias and Barros 2009; Dias and Barros 2012; Islam 2008; Rizzo and De 
Lorenzis 2007; Al-Mahmoud et al. 2015), but so far these results have been less codified 
than externally bonded laminates in shear. Pellegrino and Sena-Cruz (2015) detail two 
design approaches for NSM strips in shear that have emerged thus far. Dias and Barros 
(2013) provide a simple design approach based on an extensive experimental program, 
while Bianco et. al (2010, 2014) provide a more complicated design approach based on 
equilibrium, kinematic compatibility, and the constitutive behaviors of the bonded 
materials. Overall, both externally bonded FRP laminate and NSM FRP bars/strips have 
been shown to be effective for general flexural and shear applications for both reinforced 
and prestressed concrete girders. 
 
2.2 FAILURE MODES AND BOND BEHAVIOR OF FRP/CONCRETE INTERFACE 
Current design guidelines for FRP repairs for flexure and shear are largely based 
on studies of the bond between FRP and concrete. Understanding this bond behavior and 
the associated failure modes is crucial to determining the effective strains which can be 
achieved in the FRP, and thus the stresses which can be developed within the FRP at the 
design load of the member.  
 
2.2.1 Failure Modes of FRP Reinforcement 
The addition of external FRP reinforcement introduces several new failure modes 
for a structural member, depending on the application. Externally bonded FRP flexural 
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reinforcement introduces three new possible failure modes: FRP rupture, delamination of 
the concrete cover, or debonding of FRP from the concrete substrate (ACI 2008). Cover 
delamination initiates at the termination point of the FRP, while FRP debonding is 
prompted by flexural and/or shear cracks. These two failure modes are frequently lumped 
together and referred to as FRP debonding. Figure 2.3 illustrates these failure modes. At a 
local level, failure can occur through the cement matrix, adhesive, at the FRP/adhesive 
interface or at the adhesive/concrete interface. 
 
 
(a) Flexural member with FRP reinforcement 
  
(b) FRP Debonding (e) Cover delamination 
Figure 2.3: Debonding failure modes of externally bonded FRP in flexure (ACI 2008) 
 
 
Similar failure modes exist when externally bonded FRP reinforcement is used for 
shear. There are three FRP wrapping schemes commonly used: complete wrapping, 3-sided 
U-wraps, and 2-sided face plies (Figure 2.4). The complete wrapping scheme is the most 
efficient, and is capable of achieving an FRP rupture failure mode, even though debonding 
most likely occurs first (Chen and Teng 2003). However, due to loss of aggregate interlock 
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prior to FRP rupture, ACI 440.2R-08 limits the design strain of completely wrapped 
members to 0.004. Most U-wrap and nearly all 2-sided schemes result in a FRP debonding 
failure mode with very little ductility (Chen and Tang 2003). 
 
 
(a) Complete wrap (b) 3-sided U-wrap (c) 2-sided face plies 
Figure 2.4: Wrapping schemes for FRP shear laminates (ACI 2008) 
 
 
For NSM FRP bars and strips, the additional structural failure modes introduced 
are largely the same as for externally bonded FRP; FRP rupture and FRP debonding. Figure 
2.5 illustrates the debonding failure modes in flexure. Similarly, local level debonding can 
occur at the cement matrix, adhesive, at the FRP/adhesive interface or at the 
adhesive/concrete interface. A mixed failure mode is possible, although one structural and 
one local failure mode will be dominant (Coelho et al. 2015). Figure 2.6 shows the various 
local regions at which debonding can occur. 
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Figure 2.5: Debonding failure modes of NSM FRP in flexure (Coelho et al. 2015) 
 
 
 
Figure 2.6: Local debonding behavior of NSM FRP bars/strips (Coelho et al. 2015) 
 
 
2.2.2 Bond Behavior of FRP/concrete interfaces 
Local bond vs. slip behavior at the FRP/concrete interface ultimately controls the 
debonding capacity of any externally bonded FRP laminate application. Much 
experimental and analytical research has been performed on the bond-slip behavior of FRP 
laminates/plates (Chen and Teng 2001; Yao et al. 2004; Lu et al. 2005) and NSM bars/strips 
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(De Lorenzis 2004; De Lorenzis et al. 2002; De Lorenzis and Nanni 2002; De Lorenzis at 
el. 2004; Novidis and Pantazopoulou 2008; Lee et al. 2013). A key difference between 
these systems can be observed by looking at the bond-slip models developed in the 
literature. Lu et al. (2005) proposed three local bond-slip models for FRP sheets or plates 
bonded to concrete; a precise model based on the results of parametric studies using a 
meso-scale finite element model, a simplified model, and a further simplified bilinear 
model that can be used to derive a simple design equation for bond strength. These models 
consist of an ascending branch to the maximum bond stress τmax at a corresponding slip so 
and a descending branch that ends at τ = 0 and an ultimate slip sf. The interfacial fracture 
energy (area under the bond-slip curve) can be used to compare the bond strengths of 
different FRP-concrete interfaces. All three models are compared to finite element results 
and an extensive database of test results and accurately predict the strain distribution in 
FRP sheets as well as the bond strength of the FRP-concrete joint. The bilinear bond-slip 
model in particular has been utilized by many successive researchers in FE models of 
reinforced and prestressed concrete structures repaired with FRP laminates due to its ease 
of implementation without significant loss in accuracy. As a consequence of the local bond-
slip descending branch terminating at τ = 0, the stress that any given FRP laminate 
configuration can develop prior to debonding is limited, generally below the ultimate 
rupture stress of the FRP material itself. This leads to the concept of effective bond length, 
the active bonded zone at which the majority of the interfacial shear stresses are transmitted 
from the FRP to the concrete. Beyond the effective bond length, no further increase in 
failure load can be achieved (Ouezdou et al. 2008). As cracking in the concrete occurs at 
the loaded end of the laminate, the effective bond length shifts to another active bonding 
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zone (Figure 2.7). This process continues until the FRP laminate is completely debonded. 
This phenomenon explains the low ratios of stress in FRP at failure to ultimate tensile 
strength observed in experimental tests. On average, FRP laminates only achieve 28% of 
their ultimate tensile strength at failure (Chen and Teng 2001). 
 
 
Figure 2.7: Effective bond length (Ouezdou et al. 2008) 
 
 
Bond-slip behavior for near-surface mounted (NSM) FRP bars in concrete is similar 
to that of FRP laminates. De Lorenzis (2004) proposed three bond-slip models with varying 
shapes affected by exponential parameters. The shape of the descending branch of the 
bond-slip curve is dependent on factors such as failure mode (epoxy-concrete interface, 
epoxy splitting, or bar pullout) and bar surface texture (ribbed, spirally wound, or 
sandblasted). One key difference between the bond-slip models of FRP laminates and that 
of the NSM FRP bars is the presence of a residual nonzero bond stress that exists after the 
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descending branch of the curve. This is due to either a frictional bond stress τf for specimens 
with an epoxy-concrete interface failure mode or aggregate interlock at the location of 
longitudinal concrete cracks for specimens with an epoxy splitting failure mode. The 
presence of this nonzero descending branch allows for the FRP bar to develop to its 
ultimate tensile strength given a long enough bond length, similar to steel rebar. This gives 
the NSM FRP system an inherent advantage over externally bonded FRP for applications 
in which a long development length can be achieved. 
 
2.3 REVIEW OF PERTINENT STUDIES 
The use of externally bonded and NSM FRP for flexural and shear strengthening of 
concrete girders has been proven effective for most general purpose applications. The 
particular application being investigated in this study, however, presents additional 
challenges and introduces factors that may not be addressed in current design guidelines. 
Due to the localization of damage at the girder ends, a concentration of FRP material near 
the girder end is necessitated. Since the FRP material may only extend just past the bearing 
area, the behavior of FRP laminate repairs when tested with a low shear span-to-depth ratio 
should be investigated. This would ensure shear cracks develop within the damaged zone. 
As a result, the behavior will be governed by arch action rather than beam action. Previous 
research has concluded that the effectiveness of externally bonded FRP shear reinforcement 
decreases as shear span-to-depth ratio decreases (Ary and Kang 2012; Bousselham and 
Chaallal 2006; Belarbi et al. 2011), which could further limit the usefulness of FRP shear 
laminates in this particular application. In their design guidelines for FRP shear 
reinforcement systems, Belarbi et al. 2011 state that the design provisions are only 
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applicable to beams with a shear span-to-depth ratio greater than 2.5, since reduction 
factors were developed from tests with sufficient shear span-to-depth ratios to assume plane 
sections remain plane after deformation.  Additionally, the effectiveness of an FRP repair 
when combined with a conventional mortar repair should be investigated to determine the 
material’s suitability for this particular application. The interactions between the base 
concrete, mortar, and FRP may generate a complex strain field within the girder web, 
differing from that seen in cases where the FRP is added to an undamaged girder.  
Research for this specific application has been very limited thus far. Ramseyer and 
Kang (2012) performed shear tests on AASHTO Type II girders that had been damaged 
and repaired with carbon-FRP and glass-FRP laminates. In these tests, the girders were 
tested in shear using a shear span-to-depth ratio of 1. Damage was imposed by first loading 
the girder to its maximum load in shear, which simulated a corrosively failed end region. 
Post-damage repair consisted of application of rapid set cement, epoxy-injecting cracks 
(for some tests), and application of externally bonded wet layup CFRP and GFRP 90° U-
wraps. Grooves were cut at the top of the web and metal bars were inserted to anchor the 
fiber sheets. Figure 2.8 illustrates this repair process. This study concluded that CFRP has 
the greatest amount of stiffness recovery while GFRP has the highest percentage of strength 
recovery. Only one test, however, was able to recover the original shear strength of the 
girder (GFRP with epoxy injected cracks).   
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(a) Damaged girder (b) Rapid set cement repair 
  
(c) Epoxy injection tubes (d) Primer and putty 
 
(e) Grooves cut in top of beam web (f) CFRP U-wrap application 
Figure 2.8: Post-Damage repair of PC girders (Ramseyer and Kang 2012) 
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Furthermore, while FRP composite materials are generally considered 
environmentally resistant, the bond between the FRP and concrete may be adversely 
affected by the exposure to high levels of water, deicing salts, and freeze/thaw cycling 
applied to the end regions of these concrete bridge girders. ACI 440.2R-08 (ACI 2008) 
gives environmental reduction factors for various FRP systems and exposure conditions 
which limit their design rupture strains. However, for shear design, even the most stringent 
of these reduction factors (0.5 for glass FRP systems in an aggressive environment) might 
not actually reduce the effective strain in shear applications, which is capped at 0.004 due 
to loss of aggregate interlock of the concrete. Thus, it is important to investigate further the 
effects of environmental exposure on the bond behavior of externally bonded and NSM 
FRP systems in order to determine if these systems will retain effectiveness over time at 
the end regions of concrete girders.  
Much research on environmental aging effects on the FRP-concrete interface has 
been performed, but conclusions vary significantly. Columbi et al. (2009) conducted pull-
pull debonding tests on CFRP plates and wraps subjected to 100 and 200 freeze-thaw 
cycles and concluded that the conditioning did not significantly affect the ultimate load. 
Silva et al. (2014) subjected reinforced concrete beams with CFRP and GFRP laminate 
systems to salt fog and wet-dry cycles for 10,000 hours. Salt fog cycles were more 
detrimental than moisture cycles for either CFRP or GFRP, and in the case of GFRP the 
external load capacity was actually increased after the moisture cycling. Davalos et al. 
(2008) investigated the fracture energy behavior of GFRP-concrete interfaces subjected 
to freeze-thaw cycling in the presence of a 4% CaCl2 solution. This aging protocol 
resulted in fracture energy decreases of 38.5%, 50.5%, and 59% for normal strength 
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concrete specimens at 100, 200, and 300 cycles, respectively. Subramaniam et al. (2008) 
conducted direct shear tests on CFRP sheets bonded to concrete and saw a 17% reduction 
in ultimate load and a 35% reduction in fracture energy after 300 freeze-thaw cycles. Al-
Mahmoud et al. (2014) performed hinged beam tests with CFRP sheets and plates 
subjected to either 300 freeze-thaw cycles or 120 days of salt water immersion. The 
freeze-thaw cycles caused a 25% decrease in ultimate force for both the sheets and plates, 
while the salt water caused a deterioration of 48% for the sheets but negligible change in 
the plate specimens. Salt water immersion also changed the failure mode of the interface 
from debonding in a thin concrete layer to failure at the concrete/resin interface. Garzón-
Roca et al. (2015) performed pull-out tests on NSM CFRP strips with different bond 
lengths (60 mm (2.4 in.) vs. 90 mm (3.5 in.)), groove widths (4 mm (0.16 in.) vs. 8 mm 
(0.31 in.)), groove depths (15 mm (0.59 in.) vs. 25 mm (0.98 in.)), and an aging scheme 
with 90 wet-dry cycles. The wet-dry cycling caused a decrease of 12% in the maximum 
pull-out force for specimens with 15 mm (0.59 in.) groove depth, 4 mm (0.16 in.) groove 
width, and 60 mm (2.4 in.) bond length. However, the effect was significantly reduced or 
became negligible with increased bond length or groove width, respectively. Soliman et 
al. (2011) performed pull-out tests on NSM CFRP and GFRP bars subjected to 200 
freeze-thaw cycles. Prior to freeze-thaw cycling, service cracks with a maximum width of 
0.3 mm (0.012 in.) were developed in the specimens by tensioning up to 30% of the 
failure load. The conditioning caused hair cracks to form in the epoxy adhesive, which 
resulted in pull-out force reductions of 8-14% compared to the reference specimens. The 
wide range of testing setups, materials used, aging protocols, and failure modes observed 
in the literature make it difficult to definitively characterize the effects of long term aging 
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on the FRP-concrete interface. Tests which consider the combination of freezing/thawing 
and salt water exposure on the FRP/concrete interface are lacking, specifically with 
regards to CFRP laminates and both GFRP and CFRP NSM bar systems. Thus, this study 
was focused on filling these knowledge gaps. 
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CHAPTER 3: SHEAR PULLOUT TESTS 
 
In this chapter, the experimental results of shear bond-slip tests involving both FRP 
externally bonded laminate and NSM bar specimens are presented. An accelerated aging 
scheme was developed and applied to a set of these specimens in order to determine the 
effects of long-term exposure to water containing deicing salts and freeze/thaw cycling. 
The results are analyzed to determine the most effective and efficient FRP material type 
and system from the perspective of long-term durability of the FRP/concrete interface in 
harsh environmental conditions. 
 
3.1 MATERIAL DESCRIPTION 
Both glass FRP (GFRP) and carbon FRP (CFRP) laminate and NSM bar systems 
were tested in this study. The dimensions of the FRP systems used in the tests and the 
material properties are summarized in Table 3.1. For the FRP laminates and bars, both the 
manufacturers’ properties and those acquired from laboratory tests are presented. The 
laboratory tests were conducted using ASTM D3039/D3039M-14 (2014) and ASTM 
D7565/D7565M-10 (2010) for the FRP laminates and ASTM D7205/D7205M-06 (2011) 
for FRP bars. The GFRP laminates have a lower elastic modulus and tensile strength, so 
any given field repair would likely require more GFRP material than CFRP. Since the main 
purpose of this study is to determine how accelerated aging will affect different FRP repair 
systems for the same application, two plies of GFRP were used compared to one ply of 
CFRP for the laminate tests. The GFRP and CFRP bars used were the Aslan 100 and 200 
series manufactured by Hughes Brothers, Inc. The bars were sandblasted in order to 
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provide increased bond with the epoxy filler. The GFRP bars had a spiral winding as well, 
and the sand coating was slightly coarser than that of the CFRP bars.  Hilti HIT-RE 500 
epoxy adhesive was used as the groove filler material for the NSM bar specimens, per 
recommendation by Hughes Brothers. The average 28 day compressive strength of the 
concrete specimens was 44.8 MPa (6,500 psi). 
 
Table 3.1: Material Properties of FRP Systems 
Material 
Sizea,    
mm 
(in.) 
Area,   
mm2 
(in.2) 
Source 
Elastic 
Modulus, 
GPa (ksi) 
Tensile 
Strength, 
MPa 
(ksi) 
Tensile 
strain, 
mm/mm 
GFRP 
laminate 
2.54 x 
76.2 
(0.1 x 
3) 
193.55 
(0.3) 
Manufacturer 
27.4 
(3,980) 
587 
(85.2) 
.023 
   Laboratory 
22.2 
(3,200) 
399 (58) .018 
CFRP 
laminate 
1.24 x 
76.2 
(0.049 x 
3) 
94.49 
(0.15) 
Manufacturer 
86.9 
(13,000) 
930 (135) .0098 
   Laboratory 
91.7 
(13,000) 
1,020 
(148) 
.011 
GFRP bar 
6.35 
(0.25) 
31.67 
(0.049) 
Manufacturer 46 (6,700) 896 (130) .0194 
   Laboratory 
50.3 
(7,300) 
1062 
(154) 
.0255 
CFRP bar 
6.35 
(0.25) 
31.67 
(0.049) 
Manufacturer 
124 
(18,000) 
2,241 
(325) 
.0181 
   Laboratory 
137.9 
(20,000) 
2,461 
(357) 
.0213 
Epoxy filler -- -- Manufacturer 
1.493 
(220) 
43.5 
(6.31) 
.020 
aThickness by width for laminates, diameter for bars 
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3.2 SPECIMEN DESCRIPTION AND TEST SETUP 
Experimental tests on the bond-slip behavior of FRP laminates and NSM bars are 
generally performed using either a direct pull-out configuration (De Lorenzis et al. 2002; 
Lee et al. 2013; Novidis and Pantazopoulou 2008; Yao et al. 2004; Soliman et al. 2011; 
Columbi et al. 2009; Garzón-Roca et al. 2015; Subramaniam et al. 2008) or a hinged/split 
beam approach (Al-Mahmoud et al. 2014; Silva et al. 2014). The direct pull-out 
configuration was chosen in this study due to its simplicity and ease at which the 
accelerated aging scheme could be implemented. A total of 36 concrete blocks with 
dimensions of 305 x 89 x 89 mm (12 x 3.5 x 3.5 in.) were cast. The concrete specimen 
dimensions and test setup were designed to accommodate the testing of both FRP 
laminate and NSM bar specimens (Figure 3.1). The top and bottom fixture plates 
included openings for both the laminates and NSM bars. The FRP laminate specimens 
were tested on a machine with an 89 kN (20 kip) load cell, and a set of 120 mm (4.7 in.) 
wide serrated grips were used to grip the FRP laminate. FRP tabs were glued the gripping 
end of the laminates prior to testing in order to prevent FRP rupture at the grip location. 
The FRP NSM bar specimens were tested on a machine with a 222 kN (50 kip) load cell 
with hydraulically pressurized grips. To prevent crushing of the FRP bars by the 
hydraulic grips, a steel pipe filled with high strength non-shrink grout was used as an 
anchor at the loading end of the bar. For both FRP systems, slip at the free end of the 
laminate/bar was measured using an extensometer.  
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(a) Specimen 
dimensions 
(b) Test fixture (c) Laminate 
specimen 
(d) NSM bar 
specimen 
Figure 3.1: Shear pull-out test setup 
 
 
 
 
 
 
 
 
 
23 
 
In addition to FRP system and material type, two other variables were investigated: 
bond length and accelerated aging duration. In order to reduce the influence of the concrete 
compressive stresses on the FRP/concrete interface under the loading plate, all bond 
lengths were started 51 mm (2 in.) from the top edge of the concrete specimens. For the 
laminates, bond length was prescribed by marking the bonded area on one face of the 
concrete block and applying clear tape outside of the marked area. The surface of the 
bonded area was textured with a hard steel wire brush before applying the FRP laminate. 
For the NSM bar specimens, a 9.5 x 9.5 mm (0.38 x 0.38 in.) groove was cut down the 
center of a face of the concrete block. This groove size meets the minimum groove 
dimensions (1.5db) and minimum clear edge distance (4dg) as prescribed by ACI 440.2R-
08 (ACI 2008), where db is the diameter of the FRP bar and dg is the groove depth. Bond 
length was prescribed by placing clay at the termination points of the epoxy filler. The 
complete test matrix is presented in Table 3.2. 
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Table 3.2: Test Matrix 
Specimen Material/System 
Bond Length, 
mm (in.) 
Aging     
(# cycles) 
G-102-A0 GFRP laminate 101.6 (4) 0 
G-152-A0  152.4 (6) 0 
G-203-A0  203.2 (8) 0 
G-102-A40  101.6 (4) 40 
G-152-A40  152.4 (6) 40 
G-203-A40  203.2 (8) 40 
G-102-A100  101.6 (4) 100 
G-152-A100  152.4 (6) 100 
G-203-A100  203.2 (8) 100 
C-102-A0 CFRP laminate 101.6 (4) 0 
C-152-A0  152.4 (6) 0 
C-203-A0  203.2 (8) 0 
C-102-A40  101.6 (4) 40 
C-152-A40  152.4 (6) 40 
C-203-A40  203.2 (8) 40 
C-102-A100  101.6 (4) 100 
C-152-A100  152.4 (6) 100 
C-203-A100  203.2 (8) 100 
G-b-102-A0 GFRP bar 101.6 (4) 0 
G-b-152-A0  152.4 (6) 0 
G-b-203-A0  203.2 (8) 0 
G-b-102-A40  101.6 (4) 40 
G-b-152-A40  152.4 (6) 40 
G-b-203-A40  203.2 (8) 40 
G-b-102-A100  101.6 (4) 100 
G-b-152-A100  152.4 (6) 100 
G-b-203-A100  203.2 (8) 100 
C-b-102-A0 CFRP bar 101.6 (4) 0 
C-b-152-A0  152.4 (6) 0 
C-b-203-A0  203.2 (8) 0 
C-b-102-A40  101.6 (4) 40 
C-b-152-A40  152.4 (6) 40 
C-b-203-A40  203.2 (8) 40 
C-b-102-A100  101.6 (4) 100 
C-b-152-A100  152.4 (6) 100 
C-b-203-A100  203.2 (8) 100 
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3.3 ACCELERATED AGING PROTOCOL 
 The aggressive aging scheme used in these tests was designed to represent the harsh 
conditions that cause deterioration at the end regions of concrete bridge girders, where 
deicing salts leak onto the ends of the girders and multiple freezing/thawing cycles occur 
during the winter season. To incorporate the effect of aging in the pull-out tests carried out 
in this study, an aging protocol similar to that of Davalos et al. (2008) was applied. This 
protocol combined aspects of ASTM C666/C666M-15 (2015) and ASTM C672/C672M-
12 (2012). Specimens were placed laminate/bar side down in trays containing 6 mm (0.25 
in.) of solution of deicing salt and water. ASTM C672/C672M-12 (2012) specifies the use 
of CaCl2 with a concentration of 4 g/100 ml (0.33 lb/gal) of solution, but states that other 
chemical deicers may be used. Since rock salt is commonly used as a deicing chemical, 
NaCl was used as a substitute, with an equivalent concentration of Cl- (4.21 g/100 ml (0.35 
lb/gal) of NaCl). One freeze/thaw cycle was performed per day ranging from -18 to 4 °C 
(0 to 40 °F). The cycle consisted of 16 hours to lower the temperature from 4 to -18 °C (40 
to 0 °F), 6 hours at -18 °C (0 °F), and 2 hours to raise the temperature from -18 to 4 °C (0 
to 40 °F) (Figure 3.2). Freeze/thaw cycling was performed in a conventional chest freezer 
(Figure 3.3), with the use of an electric resistance heater to thaw the specimens. The trays 
were rotated throughout the cycling process in order to account for any uneven distribution 
of heat within the freezer. After 40 cycles, the concrete specimens showed moderate scaling, 
and half of the aged specimens were tested along with the unaged specimens. The rest of 
the specimens were continued on to 100 cycles, at which point they were tested. 
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Figure 3.2: Freeze-thaw cycle protocol 
 
 
 
 
Figure 3.3: Specimens in freezer during freeze cycle 
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3.4 TEST RESULTS 
3.4.1 Effect of aging on specimen condition 
Compared to the 40 cycle specimens, the 100 cycle specimens showed increased 
scaling of the concrete (moderate to severe), and in many cases coarse aggregate had been 
exposed and/or completely spalled off. Figure 3.4(a) compares a set of concrete specimens 
with no aging, 40 freeze/thaw cycles, and 100 freeze/thaw cycles. The most severe of 
concrete damages occurred mainly at the ends of the specimens (Figure 3.4(b)), which 
generally left the bonded portions of FRP intact. One laminate specimen (G-152-A100) 
had scaling on one side that resulted in loss of a minor portion of bonded area, as shown in 
Figure 3.4(c). There were also two 100 cycle CFRP laminate specimens that had severely 
damaged ends that rendered the specimens untestable due to lack of bearing area against 
the plates in the test fixture, one of which is shown in Figure 3.4(d). For this reason, the 
results for these 100 cycle CFRP laminates are omitted. Other than some salt depositions 
on the laminates, the FRP laminates, bars, and epoxy filler had no visible signs of 
deterioration.  
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(a) G-b-102 specimens: A0, A40, A100 (b) Scaling/spalling at specimen ends  
  
(c) Scaling induced loss of bonded area (d) Severe end damage on C-152-A100 
Figure 3.4: Effect of accelerated aging on concrete specimens 
 
 
3.4.2 FRP Laminates 
Table 3.3 summarizes the test results for the FRP laminates. Figure 3.5 presents the 
pull-out force data for the FRP laminates in a manner in which comparisons can easily be 
made between different bond lengths and aging durations. The maximum stress in the 
laminate σmax was calculated by dividing the pull-out force by the laminate cross-sectional 
area. The maximum strain in the laminate was computed by dividing σmax by the modulus 
of the material. Average bond stress is the pull-out force divided by the bonded area of the 
laminate. Figure 3.6 shows a typical failure surface for the FRP laminate specimens. The 
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failure mode for all specimens was sudden delamination at the FRP/concrete interface with 
complete debonding of the FRP laminate. Typically, this type of failure mode occurs a few 
millimeters below the interface for normal strength concrete. In these tests, however, the 
delamination occurred through a layer of concrete less than 1 mm. This indicates that 
surface preparation was likely insufficient, as the concrete failed in its weakest, outermost 
layer.  
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Table 3.3: Test Results for FRP Laminates 
Specimen 
Pull-out 
force, kN 
(kips) 
σmax,          
MPa (ksi) 
εmax 
(%) 
Average bond 
stress,           
MPa (psi) 
Difference 
w.r.t 
unaged 
(%) 
G-102-A0 16.92 (3.80) 87.4 (12.7) 0.32 2.19 (318) -- 
G-152-A0 18.37 (4.13) 94.9 (13.8) 0.35 1.58 (229) -- 
G-203-A0 20.51 (4.61) 106.0 (15.4) 0.39 1.32 (191) -- 
G-102-A40 13.50 (3.04) 69.8 (10.1) 0.25 1.74 (252) -20.2 
G-152-A40 18.09 (4.07) 93.5 (13.6) 0.34 1.56 (226) -1.5 
G-203-A40 17.60 (3.96) 90.9 (13.2) 0.33 1.14 (165) -14.2 
G-102-A100 14.17 (3.19) 73.2 (10.6) 0.27 1.83 (265) -16.2 
G-152-A100 14.42 (3.24) 74.5 (10.8) 0.27 1.24 (180) -21.5 
G-203-A100 17.93 (4.03) 92.6 (13.4) 0.34 1.16 (168) -12.6 
C-102-A0 20.83 (4.68) 219.7 (31.9) 0.25 2.69 (390) -- 
C-152-A0 18.98 (4.27) 200.2 (29.0) 0.22 1.63 (236) -- 
C-203-A0 20.71 (4.66) 218.4 (31.7) 0.24 1.34 (194) -- 
C-102-A40 13.82 (3.11) 145.7 (21.1) 0.16 1.78 (258) -33.7 
C-152-A40 14.32 (3.22) 151.0 (21.9) 0.17 1.23 (178) -24.6 
C-203-A40 15.45 (3.47) 162.9 (23.6) 0.18 1.00 (145) -25.4 
C-102-A100 18.08 (4.06) 190.7 (27.7) 0.21 2.34 (339) -13.2 
C-152-A100a -- -- -- -- -- 
C-203-A100a -- -- -- -- -- 
aSpecimen was untestable after aging due to severe deterioration at ends of concrete block 
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Figure 3.5: Pull-out force comparison for FRP laminates 
 
 
 
Figure 3.6: Delamination failure surface of G-102-A40 
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For the unaged specimens, the GFRP laminates saw an increase in pull-out force 
with increased bond length, while the CFRP laminates did not show this trend. 
Theoretically, the maximum pull-out force of any given FRP/concrete interface is achieved 
once the bonded length exceeds the effective bond length (Ouezdou et al. 2008). These 
results imply that effective bond length of the GFRP laminates was greater than 152 mm 
(6 in.), while the effective bond length of the CFRP laminates was less than or equal to 102 
mm (4 in.). Looking at each series of aged specimens independently, there was an increase 
in pull-out force with increased bond length for both GFRP and CFRP (with G-152-A40 
being the only outlier). This implies that the effective bond length was increased due to 
aging. This aging effect coincides with most effective bond length equations used in the 
literature (Ouezdou et al. 2008), where effective bond length is inversely proportional to 
concrete strength. The freeze/thaw damage likely caused reductions in the concrete 
strength at the FRP/concrete interface, resulting in increased effective bond lengths. 
The effect of aging was more severe in the CFRP laminates than the GFRP.  Across 
all bond lengths of GFRP specimens, 40 cycles and 100 cycles of aging resulted in average 
pull-out force decreases of 11.9% and 16.7%, respectively, from the unaged specimens. 
For the CFRP specimens, 40 cycles of aging resulted in an average pull-out force decrease 
of 26.4%. This discrepancy could be attributed to many factors, including differences in 
stiffness of the FRP laminates, thicknesses of the FRP, or material type. One likely cause 
was the difference in thickness. Due to the CFRP laminates being thinner than the GFRP, 
these concrete blocks were subjected to a 1.3 mm (0.05 in.) greater depth of salt solution 
on average. This could have more adversely affected the interface on the CFRP specimens. 
The one 100 cycle CFRP specimen tested (102 mm bond length) only had a 13.2% decrease 
33 
 
in pull-out force from its respective unaged specimen. Overall, 3 out of 4 A100 specimens 
performed similarly or even outperformed the A40 specimens of the same bond length. 
The one A100 specimen that did not was G-152-A100 (the specimen in Figure 3.4(c)), 
which may have underperformed due to the loss of bonded area; it also appears G-152-A40 
over performed, as it did not see much reduction from the respective control. These results 
suggest that the decrease in average bond stress, and consequently the pull-out force, 
mostly occurred in the first 40 cycles of accelerated aging. The maximum stress achieved 
in any GFRP laminate was 106 MPa (15,400 psi) (G-203-A0), or 18% of the 
manufacturer’s provided tensile strength (26% of laboratory tensile strength). The 
maximum stress achieved in any CFRP laminate was 219.7 MPa (31,900 psi) (C-102-A0), 
or 24% of the manufacturer’s provided tensile strength. These ratios are similar to those 
tested in previous research; Chen and Teng (2001) noted that the ratio of ultimate stress at 
failure to ultimate tensile strength in FRP bonded to concrete is 28% on average, with a 
coefficient variation of 40%.  
Figures 3.7 and 3.8 show the pull-out force vs. end-slip curves for all of the GFRP 
and CFRP laminate specimens. In general, the specimens with accelerated aging had a 
decreased stiffness and greater end-slip at failure than their respective unaged specimens. 
This was the case for the 102 and 152 mm (4 and 6 in.) bond lengths of GFRP and all three 
bond lengths of CFRP. For the 203 mm (6 in.) bond length A0 and A100 GFRP specimens, 
nonlinear force vs. end-slip behavior resulted in a much higher end-slip at failure than any 
other case. Another observed trend was that increased bond length generally results in a 
stiffer interface. This result correlates with the effective bond length concept explained by 
Ouezdou et al. (2008). Once the bond length exceeds the effective bond length, a portion 
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of the bonded length of FRP closest to the free end does not see local bond stresses until 
the interface approaches its failure load. As the ratio of bond length to effective bond length 
increases further, it follows that there would be even less slip at the free end as the FRP 
laminate is loaded.  The unaged series of CFRP laminates clearly exhibits this trend, in 
which the stiffness increases as the bond length increases from 102 to 203 mm (4 to 8 in.). 
For the unaged GFRP laminates, the 152 mm (6 in.) bond length was stiffer than the 102 
mm (4 in.) bond length, but the 203 mm (8 in.) bond length did not follow this trend. The 
reduced stiffness of G-203-A0 was likely caused by some bending in the FRP laminate that 
was induced by a slight misalignment with the testing grips. 
 
Figure 3.7: Pull-out force vs. end-slip for GFRP laminates 
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Figure 3.8: Pull-out force vs. end-slip for CFRP laminates 
 
 
3.4.3 NSM FRP bars 
Table 3.4 summarizes the test results for the FRP NSM bars, including the various 
failure modes. Figure 3.9 presents the pull-out force data for the FRP NSM bars in a manner 
in which comparisons can easily be made between different bond lengths and aging 
durations. Figures 3.10 and 3.11 show the post-failure surfaces of all GFRP and CFRP 
NSM bar specimens. 
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Table 3.4: Test Results for FRP NSM Bars 
Specimen 
Pull-out 
force,  
kN 
(kips) 
σmax,       
MPa 
(ksi) 
εmax 
(%) 
Average 
bond 
stressa, 
MPa (psi) 
Difference 
w.r.t 
unaged (%) 
Failure 
modeb 
G-b-102-A0 
28.61 
(6.43) 
905.1 
(131) 
1.96 
14.14 
(2,100) 
-- EB+CS+FS 
G-b-152-A0 
30.15 
(6.78) 
953.9 
(138) 
2.06 9.94 (1,400) -- FR 
G-b-203-A0 
30.68 
(6.90) 
970.6 
(141) 
2.10 7.58 (1,100) -- FR 
G-b-102-A40 
26.88 
(6.04) 
850.3 
(123) 
1.84 
13.29 
(1,900) 
-6.0 EB+CS+FS 
G-b-152-A40 
28.12 
(6.32) 
889.7 
(129) 
1.93 9.27 (1,300) -6.7 EB+CS+FS 
G-b-203-A40 
32.63 
(7.34) 
1032.4 
(150) 
2.23 8.07 (1,200) 6.4 FR 
G-b-102-A100 
27.99 
(6.29) 
885.5 
(128) 
1.92 
13.84 
(2,000) 
-2.2 EB+CS+FS 
G-b-152-A100 
29.32 
(6.59) 
927.6 
(135) 
2.01 9.66 (1,400) -2.8 EB+CS+FS 
G-b-203-A100 
31.97 
(7.19) 
1011.5 
(147) 
2.19 7.90 (1,100) 4.2 FR+CF 
C-b-102-A0 
41.55 
(9.34) 
1314.6 
(191) 
1.06 0.54 (3,000) -- EB+CS 
C-b-152-A0 
37.39 
(8.41) 
1182.8 
(172) 
0.95 
12.32 
(1,800) 
-- EB+CS+CF 
C-b-203-A0 
49.10 
(11.0) 
1553.2 
(225) 
1.25 
12.13 
(1,800) 
-- EB+CS+CF 
C-b-102-A40 
28.23 
(6.35) 
893.0 
(130) 
0.72 
13.95 
(2,000) 
-32.1 CC+EC 
C-b-152-A40 
43.01 
(9.67) 
1360.7 
(197) 
1.10 
14.17 
(2,100) 
15.0 EB+CC 
C-b-203-A40 
34.76 
(7.81) 
1099.7 
(159) 
0.89 8.59 (1,200) -29.2 ES+CC+EC 
C-b-102-A100 
27.07 
(6.09) 
856.2 
(124) 
0.69 
13.38 
(1,900) 
-34.9 ES+CC+EC 
C-b-152-A100 
41.71 
(9.38) 
1319.6 
(191) 
1.06 
13.75 
(2,000) 
11.6 EB+CC+EC 
C-b-203-
A100c 
26.80 
(6.03) 
847.9 
(123) 
0.68 6.62   (960) -45.4 ES+CC+EC 
aBond stress is calculated at the epoxy/bar interface for all specimens, regardless of failure mode 
bES = epoxy splitting; EB = failure at epoxy/bar interface with epoxy breakage; CC = concrete 
cracking; CS = concrete spalling; CF = concrete fracture at top of specimen; EC = failure at the 
epoxy/concrete interface; FS = FRP bar spiral winding splitting; FR = FRP bar rupture 
cSpecimen shifted during testing, causing bar to be pulled at an angle 
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Figure 3.9: Pull-out force comparison for FRP NSM bars 
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(a) G-b-102-A0 (b) G-b-152-A0 (c) G-b-203-A0 
   
(d) G-b-102-A40 (e) G-b-152-A40 (f) G-b-203-A40 
   
(g) G-b-102-A100 (h) G-b-152-A100 (i) G-b-203-A100 
Figure 3.10: GFRP NSM bar failure surfaces 
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(a) C-b-102-A0 (b) C-b-152-A0 (c) C-b-203-A0 
(d) C-b-102-A40 (e) C-b-152-A40 (f) C-b-203-A40 
(g) C-b-102-A100 (h) C-b-152-A100 (i) C-b-203-A100 
Figure 3.11: CFRP NSM bar failure surfaces 
 
 
As was observed with the FRP laminates, an increase in bond length generally 
corresponded to an increase in pull-out force. This was the case for unaged, 40 cycle, and 
100 cycle GFRP bar series. The CFRP bars, however, did not explicitly follow this trend. 
Unlike the FRP laminates, which did not have any observable differences in failure mode, 
the multitude of observable failure modes for the NSM bar specimens provides valuable 
data that can account for some of the discrepancies between the expected and actual results. 
Due to the lower ultimate strength of the GFRP bars, the failure modes for the NSM GFRP 
bars fell into one of two categories: failure at the epoxy/bar interface (EB) or FRP bar 
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rupture (FR) outside the bonded length. The EB failure mode was accompanied by concrete 
spalling along the bonded length (CS), splitting of the FRP bar spiral winding (FS), and 
removal of portions of the sand coating along the bonded length. For the unaged series, 
only the 102 mm (4 in.) bond length failed by EB. For the 40 cycle and 100 cycle series, 
the failure mode of the 152 mm (6 in.) bond length specimens switched from EB to FR, 
while the 203 mm (8 in.) bond length achieved FR in every case. The maximum stresses 
for all GFRP bar specimens ranged from 850 MPa (123 ksi) (G-b-102-A40) to 1032 MPa 
(150 ksi) (G-b-203-A40), or 95% to 115% of the manufacturer’s provided tensile strength. 
This shows that even at the 102 mm (4 in.) bond length with accelerated aging, the bar was 
close to reaching its ultimate tensile strength. Since EB failure occurred so close to the 
ultimate strength of the bar, the EB failure mode in this case may actually be triggered by 
the splitting of the spiral winding within the bonded length. From previous tensile tests of 
the plain GFRP bar, the spiral winding tends to split just before the bar ruptures. The 
location of the initiation of FS (inside or outside of the bond length) could be a determining 
factor as to whether or not EB or FR failure occurred. Considering the range of maximum 
stresses achieved, this is likely the case. 
For the higher strength CFRP bars, FRP bar rupture was not observed. Rather, the 
failure mode was generally either EB with CS or failure at the epoxy/concrete interface 
(EC) accompanied with concrete cracking (CC) and epoxy splitting (ES). For the unaged 
CFRP bars, EB with CS occurred for all bond lengths. For the 152 and 203 mm (6 and 8 
in.) bond lengths, there was also concrete fracture at the top of the specimen (CF), perhaps 
due to uneven compressive forces under the top plate caused by the eccentric location of 
the NSM groove. As shown in Figure 3.11(b), a portion of this fracture concrete affected 
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the bond length of C-b-152-A0, which could explain the underperformance when 
compared to C-b-102-A0.  After aging, the failure mode shifted to EC for some specimens. 
For the 40 cycle bond lengths of 102 and 203 mm (4 and 8 in.), which failed due to EC, 
the pull-out force was much lower than the 152 mm (6 in.) bond length which failed due 
to EB, and also much lower than their unaged counterparts (reductions of 32% and 29%). 
The concrete cracks associated with EC suggest the failure mode is initiated by concrete 
cracking, which was not observed with EB failure. The damage to the concrete surface 
caused by accelerated aging likely prompted the development of concrete cracking, and 
hence the shift in failure mode. For the 152 mm (6 in.) bond length which retained the EB 
failure mode, the pull-out force increased by 15% over its unaged counterpart (which 
further suggests the underperformance C-b-102-A0 due to CF). The 100 cycle 102 and 152 
mm (4 and 6 in.) bond lengths saw only a slight decrease in pull-out force from their 
respective 40 cycle specimens, while retaining the same failure modes. C-b-152-A100 did 
have a slight mix in failure mode, as seen in Figure 3.11(h); EB occurred over the middle 
portion of the bonded length, while EC occurred at the ends. By comparing the pull-out 
force with the other CFRP bar specimens, it does appear that EB was likely the primary 
failure mode. C-b-203-A100 shifted in the test fixture during testing due to loosened 
concrete aggregates spalling off of the specimen. The bar was then pulled at a slight angle, 
resulting in the underperformance of this test. Disregarding this test, the maximum stresses 
for all CFRP bar specimens ranged from 856 MPa (124 ksi) (C-b-102-A100) to 1553 MPa 
(225 ksi) (C-b-203-A0), or 38% to 69% of the manufacturer’s provided tensile strength. 
Figures 3.12 and 3.13 show the pull-out force vs. end-slip curves for all of the 
GFRP and CFRP NSM bar specimens. As with the laminates, the specimens with 
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accelerated aging had a decreased stiffness compared to their respective unaged specimens. 
This was true for all bond lengths of GFRP and CFRP. For the GFRP bars with 152 and 
203 mm (6 and 8 in.) bond lengths, the end-slip at failure after 40 cycles was over twice 
that of the unaged specimens. Even though the failure mode was EB or FR for the aged 
GFRP bars, the additional end-slip may be attributed to the epoxy/concrete interface, which 
likely suffered from the accelerated aging while the epoxy/bar interface did not. The 
plateaus close to the peak load seen in Figure 3.13 for C-b-152-A0 and C-b-203-A0 are 
likely due to the concrete fracture that occurred at the top of these specimens, which caused 
a slight rotation of the concrete block, resulting in an increase in the displacement measured 
by the extensometer that is not actually end-slip.    
 
Figure 3.12: Pull-out force vs. end-slip for GFRP NSM bars 
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Figure 3.13: Pull-out force vs. end-slip for CFRP NSM bars 
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CHAPTER 4: SMALL SCALE BEAM TESTS 
 
This chapter presents the description and results of the experimental tests that were 
carried out to investigate the application of FRP composite materials as a means of 
repairing and retrofitting damaged end regions of prestressed bridge girders. Three-point 
bending tests were carried out on three small scale prestressed concrete (PC) beams that 
had been damaged then reinforced with CFRP and GFRP externally bonded laminates. 
First, the ability of a basic mortar repair to restore the shear strength of the beam was 
determined through testing. Then, FRP laminate repairs were performed in combination 
with the mortar repair to investigate their effectiveness for this type of application.  
 
4.1 TEST DESCRIPTION 
4.1.1 Beam Specimen Design 
The goal of the small scale beam design was to emulate the behavior of an 
AASHTO PC bridge I-girder, but at a scale in which tests could more easily be performed. 
Three 7 m (23 ft.) long small scale PC beams were cast in the laboratory. Figure 4.1 shows 
the cross-sectional dimensions of the beam and details the steel reinforcement. The cross-
section of the beam was sized approximately as a half-scale AASHTO Type II I-girder. A 
top flange was added to represent a portion of slab and to give the beam a greater flexural 
capacity. The bottom flange retained the geometry and proportions of the AASHTO Type 
II girder. The beam was cast using concrete with a 28 day cylinder compressive strength 
of 48.1 MPa (7 ksi). The beam was prestressed with three 12.7 mm (0.5 in.) diameter 7-
wire strands with an elastic modulus of 197.9 GPa (28.7 ksi) and ultimate strength of 1862 
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MPa (270 ksi). The strands were pretensioned to 1234 MPa (179 ksi), or 66% of the 
ultimate strength. Additional longitudinal mild steel was provided in the form of 6.35 mm 
(0.25 in.) diameter bars with a yield strength of 414 MPa (60 ksi). Shear reinforcement 
consisted of bent 6.35 mm (0.25 in.) diameter 414 MPa (60 ksi) bars in both the web and 
bottom flange spaced at 88.9 mm over the central portion of the beam.   
 
  
(a) Beam dimensions (mm) (b) Reinforcement detail 
(c) Elevation view 
Figure 4.1: Beam cross-section and elevation 
  
 At the ends of the beams, which were tested in three point bending, stirrup area was 
reduced to ensure shear failure. The objective was to reduce the amount of shear 
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reinforcement while keeping the stirrup spacing at or below 127 mm (5 in.) to ensure shear 
cracks would propagate across multiple stirrups during testing. This required using bars 
with less cross-sectional area than that of a 6.35 mm (0.25 in.) rebar. To obtain a cross-
sectional area below that of 6.35 mm (0.25 in.) rebar and retain a textured surface with 
good bond characteristics, threaded rod was used for stirrups in the beam ends. 5 mm (0.2 
in.) diameter threaded rod stirrups with a cross-sectional area of 14.2 mm2 (0.022 in2) were 
spaced at 127 mm (5 in.) over the first 1130 mm (44.5 in.) of the beam on one end and 
2260 mm (89 in.) on the other end. The spacing was not increased any further in order to 
ensure shear cracks would still propagate across multiple stirrups. The Grade B7 threaded 
rod had a minimum tensile strength of 860 MPa (125 ksi) as supplied by the manufacturer; 
thus, the threaded rod was heat treated to achieve a yield strength close to that of 414 MPa 
(60 ksi) mild steel. The heat treatment consisted of raising the temperature to a specified 
level and heating for one hour, followed by air cooling to room temperature. A range of 
temperatures from 566 to 816 °C (1050 to 1500 °F) were tested to determine the treatment 
temperature which would cause yielding closest to 414 MPa (60 ksi). At 760 °C (1400 °F), 
the yield strength of the threaded rod was reduced to 420 MPa (60.9 ksi). Figure 4.2 shows 
the stress-strain curves obtained from tensile tests of untreated and heat treated threaded 
rod. After determining the ideal temperature, the heat treatment was applied to all of the 
threaded rod used for stirrups in the beam ends. Figure 4.3 shows the casting process of the 
beam specimens. 
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Figure 4.2: Stress-strain curves for threaded rod 
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(a) Formwork construction (b) Bent rebar 
  
(d) Concrete pouring (e) Completed pouring 
Figure 4.3: Beam specimen casting 
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4.1.2 Test Setup 
To test the shear capacity of the beams in this study, three point bending tests were 
carried out near the ends of the beams. Movable supports were utilized to adjust the length 
of the tested portion of the beam. A temporary support was placed under the untested 
cantilever portion of the beam prior to loading to prevent overturning, but as the load was 
applied only the two supports shown in the figure transmitted load to the floor. Due to the 
localized nature of the damage being considered in this study, a low shear span-to-depth 
ratio was used in this study to investigate the shear behavior of the beam when cracks 
develop through the damaged end region. The depth to the prestressing strands (dp) of the 
beam is 394 mm (15.5 in.). The shear span was set to 508 mm (20 in.), or approximately 
1.3dp, from center to center of the 152 mm (6 in.) wide support/loading plates. A support-
to-support distance of 2,896 mm (114 in.) was used to ensure the portion of the beam 
outside of the shear span was undamaged during testing. In order to get more than two tests 
per beam, foam pieces were placed at multiple locations in the bottom flange of the beam 
during the casting process. The purpose of these notches was to allow for the cutting of the 
prestressing strands after testing the exterior shear span, after which the supports could be 
moved and an interior shear span could be tested. This process is illustrated in Figure 4.4. 
Due to the stress transfer having already taken place when cutting the strands at the notches, 
the exterior spans were inherently weaker due to the transfer length of the strands. Thus, 
the results from exterior and interior spans were compared separately. After testing one 
end, the beams were flipped and the other end was tested using the same configuration.  
Testing was conducted in displacement control mode, and load was supplied by a 
445 kN (100 kip) capacity actuator. Deflection was measured at the loading point using an 
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LVDT. An LVDT rosette was placed on the web at the center of the shear span to measure 
the average strains in the web at 0°, 45°, and 90°. This data was then used to calculate 
principal strains over this portion of the web. Strain gages were placed under the loading 
point at the top and bottom flanges to monitor the compressive and tensile strains, 
respectively. An LVDT was clamped to the central prestressing strand to monitor the end-
slip of the strand during loading. For interior span tests, end-slip was not monitored due to 
the inaccessibility of the strands at the notch location.  Figure 4.5 shows the locations of 
the instrumentation used in the test. 
 
 
(a) Exterior span  
 
(b) Interior span 
Figure 4.4: Three point bending support locations 
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Figure 4.5: Beam Instrumentation 
 
 
4.1.3 Damage and Repair of Beam Ends 
 The test matrix for this study is shown in Table 4.1. A series of control, damaged, 
and mortar repaired tests was performed on both exterior and interior spans. GFRP and 
CFRP laminate repairs were performed on exterior spans, and a CFRP NSM bar repair was 
performed on an interior span. The compressive strengths of the beam concrete and mortar 
(if applicable) on the day of testing are shown as well. 
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Table 4.1: Test Matrix 
Test 
Cover 
Damage 
Mortar 
Repair 
FRP 
Repair 
Concrete 
Compressive 
Strength,      
MPa (ksi) 
Mortar 
Compressive 
Strength,   
MPa (ksi) 
Ext. Control -- -- -- 49.4 (7.16) -- 
Ext. Damaged X -- -- 48.7 (7.06) -- 
Ext. Mortar X X -- 49.4 (7.16) 23.4 (3.39) 
Int. Control -- -- -- 48.7 (7.06) -- 
Int. Damaged X -- -- 49.4 (7.16) -- 
Int. Mortar X X -- 49.6 (7.19) 27.2 (3.94) 
GFRP laminate X X X 49.8 (7.22) 29.0 (4.21) 
CFRP laminate X X X 48.7 (7.06) 27.5 (3.99) 
CFRP NSM bars X X X 49.8 (7.22) 29.0 (4.21) 
 
 
In order to observe the effect on shear capacity of the types of deterioration seen in 
the field, damages were imposed on the beam ends for all tests but the control. Concrete 
cover damage in the field can range from just below the slab all the way to the bottom 
flange in extreme cases, exposing the flexural reinforcement. However, since shear 
capacity is the critical component being investigated, damages were only applied to the 
web of the beams. This also allowed the damages to be easily reproduced for consistency 
between the different spans tested. Unlike the tests of Ramseyer and Kang (2012), damage 
was not applied by testing the beams beforehand. This method assumes failure of the beam, 
and produces shear cracks and stirrup yielding. This may not be the case in the field, where 
the beam may still be in the range of service loading and cracked/spalled concrete is due 
to the deicing salt exposure and freeze/thaw cycling, not excessive loading. For this reason, 
damages were applied prior to testing. Over the entire shear span for all tests with cover 
damage, the concrete cover was removed to a depth of 12.7 mm (0.5 in.), or to 
approximately the centerline of the threaded rod stirrups, from the entire web. The concrete 
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cover removal process is illustrated in Figure 4.6. First, a grid of holes was drilled 12.7 mm 
(0.5 in.) deep using a hammer drill with a 9.5 mm (0.375 in.) diameter drill bit. Then, the 
cover was removed using a hammer drill with a chisel attachment, taking care not to 
damage the stirrups. The damaged region was vacuumed and air blasted to remove any 
concrete particles and dust from the surface. The removal of the concrete cover resulted in 
a 33% reduction in the width and cross-sectional area of the beam web. 
 
(a) Grid of 12.7 mm deep holes (b) Beam after cover removal 
Figure 4.6: Concrete cover removal 
 
 
For repairing the cover concrete, it was necessary to choose a fast setting mortar 
that would allow for quick application of the FRP material. A target compressive strength 
of around 27.6 MPa (4 ksi) on the day of testing was desired, typical of normal strength 
concrete. Rapid Set Mortar Mix was selected to meet these requirements. The 
manufacturer’s data claims strength of 34.5 MPa (5 ksi) at 24 hours and 37.9 MPa (5.5 ksi) 
at 7 days. The mortar strength was tested at 3 days (the day of beam testing) for all tests 
where a mortar repair was implemented. The mortar strengths achieved were close to the 
27.6 MPa (4 ksi) target strength, which was lower than the strength provided by the 
manufacturer. In addition to a quick setting mortar, both GFRP and CFRP externally 
bonded laminates and CFRP bars were used as repair materials in this study. The 
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dimensions of the FRP systems used in the tests and the material properties are summarized 
in Table 4.2. The material properties are based on coupon tests performed in the laboratory. 
The FRP laminate and FRP bar materials were provided by QuakeWrap, Inc. and Hughes 
Brothers, Inc., respectively. 
Due to the presence of the bearing plate, externally bonded U-wrap schemes may 
not be feasible in the field due to limited access to the bottom of the girder; therefore, this 
study focused on bonded face ply FRP repair schemes. Due to this limitation, only bonded 
face ply FRP laminate repair schemes are investigated in this study, and the FRP shear 
reinforcement is terminated at the bottom edge of the bottom flange. Vertical fiber 
orientation (90°) is used for the FRP shear reinforcement. Eight 152.4 mm (6 in.) wide 
panels of FRP shear reinforcement (four per side) were placed starting 12.7 mm (0.5 in.) 
from the beam end, with 12.7 mm (0.5 in.) between each panel. Due to the relative stiffness 
of the GFRP compared to the CFRP, more plies of GFRP were used in order to obtain 
similar loads in the FRP for similar effective strain values. Three plies of GFRP were 
chosen based on the ratio of the manufacturer’s elastic modulus for CFRP to that of GFRP. 
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Table 4.2: Material Properties of FRP Systems 
Material 
Sizea,       
mm 
(in.) 
Shear 
Reinforcement 
Detailsb 
Source 
Elastic 
Modulus, 
GPa (ksi) 
Tensile 
Strength, 
MPa 
(ksi) 
Tensile 
Strain, 
mm/mm 
GFRP 
laminate 
1.27 
(0.05) 
8 x 152.4 mm 
(6 in.) x 3 plies 
Manufacturer 
27.4 
(3,980) 
587 
(85.2) 
0.023 
   Laboratory 
22.2 
(3,200) 
399 
(57.9) 
0.018 
CFRP 
laminate 
1.24 
(0.049) 
8 x 152.4 mm 
(6 in.) x 1 ply 
Manufacturer 
86.9 
(13,000) 
930 (135) 0.0098 
   Laboratory 
91.7 
(13,300) 
1,020 
(147.9) 
0.011 
CFRP 
bars 
6.35 
(0.25) 
8 bars in web 
(90°), 2 bars in 
bottom flange 
(0°) 
Manufacturer 
124 
(18,000) 
2,241 
(325) 
0.0181  
  Laboratory 
137.9 
(20,000) 
2,461 
(357) 
.0213  
aPly thickness for laminates, bar diameter for bar 
bQuantity x width x number of plies for laminates 
 
 
In an effort to delay debonding of the FRP shear reinforcement, an anchoring 
scheme was implemented at the points of termination as well as at the web/bottom flange 
junction. Khalifa et al. (2000) used an anchorage system that consisted of embedding a 
portion of the FRP shear wrap into a groove cut into the top flange. The FRP laminate is 
anchored in place by inserting an FRP bar into the longitudinal notch and filling the notch 
with epoxy. While shown to be effective, this method requires considerable labor in cutting 
the notch and installing the FRP bar. Mechanical anchorage schemes were implemented 
by Schuman (2004), including the use of bonded steel anchors with bearing plates and 
GFRP plate anchors. Mechanical anchorages also require increased labor to drill and 
anchor the bolts through the beam web. Belarbi et al. (2011) used mechanical anchorage 
systems (continuous and discontinuous CFRP plates) as well as horizontal FRP strips. 
Hutchinson and Rizkalla (1999) also used horizontal strips, and reported an increase in 
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shear contribution of FRP by 16%. Rosenboom et al. (2011) used horizontal strips over 45° 
CFRP shear reinforcement as web-flange connectors to distribute the forces caused by 
tension in the diagonal CFRP at the web-bottom flange interface. The horizontal strip 
anchorage technique, unlike others, is simple to apply and requires little labor and none of 
the extra tools or skills associated with the other anchorage systems. For these reasons, this 
anchorage system was chosen for these tests.  
Figure 4.7 shows the design of the FRP laminate repairs used in this study. As 
shown in the figure, longitudinal anchors of the same FRP material used for shear 
reinforcement were placed at the top of the web, bottom of the web, and along the bottom 
edge of the bottom flange. In order to increase development of the anchors at the beam end, 
the anchors were wrapped around the end of the beam and continued along the other side. 
This looped anchor could be achieved in the field by passing the dry fabric sheet through 
the gap between girders during the wet layup process. Due to the possibility of space 
constraints preventing the proper adherence of the FRP anchor to the end of the beam, the 
anchors were left unsaturated with epoxy and unbonded to the web where they loop around 
the beam end. Horizontal fiber orientation (0°) was used for the anchors. The widths of the 
two web anchors were 50.8 mm (2 in.), while the width of the bottom flange anchor was 
38.1 mm (1.5 in.) to allow it to pass underneath the prestressing strands which protruded 
from the end of the beam. In addition to the instrumentation shown in Figure 4.5, a strain 
gage was placed vertically on the FRP shear laminate closest to the center of the shear span 
(see Figure 4.7) to measure the strain obtained in the FRP shear reinforcement.  
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(a) FRP repair dimensions (mm) (b) FRP strain gage 
Figure 4.7: FRP laminate repair design 
 
 
 The FRP laminate repair process is illustrated in Figure 4.8. After the mortar had 
set for 24 hours, the surface was prepared using an angle grinder with a diamond tipped 
concrete blade. Surface preparation was performed on both the mortar repaired surface web 
and the original concrete along the bottom flange. The surface was vacuumed and air 
blasted to remove dust and laitance. Next, the concrete surface was saturated with the two 
part epoxy resin. Once the resin became tacky, FRP sheets were applied. The FRP sheets 
were then saturated with epoxy resin, and in the case of GFRP more plies were added. 
When applying multiple layers of GFRP, it was observed that the increased thickness 
caused a tendency for the laminate to detach from the concrete at both of the angles in the 
bottom flange. Extra care was taken to make sure the first layer was sufficiently bonded to 
the concrete before adding subsequent plies. After the FRP shear wraps were saturated, the 
longitudinal anchors were applied and fully saturated. The epoxy was allowed to set for 48 
hours prior to testing. 
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(a) Surface grinding 
(b) Epoxy saturation of 
concrete 
(c) Applying shear CFRP 
   
(d) Saturating CFRP anchors (e) Applying shear GFRP (f) Saturating GFRP anchors 
Figure 4.8: FRP laminate repair process 
 
 
Figure 4.9 shows the design of the CFRP NSM bar repair used in this study. As 
shown in the figure, 8 vertical CFRP bars were placed within the web portion of the beam, 
evenly spaced across the shear span at 50.8 mm (2 in.). Due to the inability of the bars in 
the web to bridge cracks in the bottom flange, two longitudinal bars were placed in the 
bottom flange. The 610 mm (24 in.) long bars were placed starting at the notch location 
(which was functioning as the beam end). This allowed for some development of the bar 
before the region of anticipated shear cracks. In addition to the instrumentation shown in 
Figure 4.5 (minus the LVDT measuring strand end-slip), strain gages were placed on one 
vertical and one longitudinal CFRP bar (see Figure 4.9) to measure the strain obtained in 
the CFRP bars. These strain gages were located in regions of the highest expected strains 
based on the cracking patterns observed in previous tests.  
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The CFRP bar repair process is illustrated in Figure 4.10. One difficulty presented 
by the small scale of the beam was cutting the notches for in the web for the vertical CFRP 
NSM bars. Due to the geometry of the top flange, it was not possible to cut a notch all the 
way to the bottom of the top flange using a circular saw with an 86 mm (3.38 in.) diamond 
grit blade. Therefore, in order to maximize the development length and thus the strain 
capacity of the NSM bar repair, an alternative technique was used to create these notches. 
During the mortar repair process for this span, 11.1 x 11.1 x 190 mm (0.44 x 0.44 x 7.5 in.) 
stiff foam pieces were placed within the repaired web region in order to preform notches 
in the mortar repair. The width and depth of these foam pieces were slightly greater than 
the minimum groove dimension 1.5db (9.5 mm, or 0.38 in.) required by ACI 440.2R-08 
(ACI 2008) for NSM FRP bar reinforcement. This was to ensure that the CFRP bars would 
fit in the resulting groove, even if any slight misalignment or deformation in the foam was 
caused by the mortar application. After the mortar repair had set, the foam was removed 
from the groove using a flathead screwdriver. Since the bottom flange was both easily 
accessible and not affected by the damage/mortar repair process, the two longitudinal 
grooves were cut using the circular saw with a diamond grit blade. Two longitudinal cuts 
were made at the furthest extents of the groove, and remaining portion of concrete along 
the middle of the groove was chiseled away. From here, the repair process was identical to 
that illustrated in Figure 2.2. The interior surfaces of the grooves were vacuumed and air 
blasted to remove dust and laitance, and masking tape was applied along the edges of the 
grooves. The grooves were filled halfway with epoxy, the CFRP bars were inserted, and 
the groove was completely filled. The excess epoxy was then troweled away and the tape 
removed. The repair was allowed to set for 48 hours prior to testing. 
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(a) FRP NSM bar layout and spacing (b) Strain gage locations 
 
(c) Strain gage on CFRP bar 
Figure 4.9: FRP NSM bar repair design and instrumentation 
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(a) Foam notch fillers cut (b) Mortar repair with foam 
notches placed 
(c) Foam removed and 
longitudinal notches marked 
   
(d) Notches taped after 
cutting longitudinal notches 
(e) Applying Hilti HIT-RE 
500 epoxy 
(f) Final repair after 
troweling and removing tape 
Figure 4.10: FRP NSM bar repair process 
 
 
4.2 TEST RESULTS 
 A summary of the test results is presented in Table 4.3. Figure 4.11 shows the load 
vs. deflection curves for all five tests involving exterior spans. Figure 4.12 shows the load 
vs. strand end-slip curves for these five tests. Figure 4.13 shows the load vs. deflection 
curves for the four tests involving interior spans. Stiffness was calculated as the secant line 
from the origin to the point on the load vs. deflection curve corresponding to approximately 
2 mm (0.08 in.) of deflection (where nonlinear behavior initiates for some tests). This 
allows for the comparison of the initial linear stiffness of each span prior to the onset of 
nonlinear behavior, or essentially the stiffness of member in the expected range of service 
loading. The beam failures were either due to shear cracking along the diagonal 
compression strut of the beam as in the cases of Control, Damaged, and Mortar specimens, 
or debonding of the FRP as in the GFRP, CFRP, and CFRP NSM bar specimens. The strand 
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end-slip did not seem to influence the failure mode of the beams. Strand end-slip at peak 
load generally correlated with the amount of deflection reached at peak load, regardless of 
failure mode. For example, the GFRP test saw the highest strand slip and the greatest 
deflection at peak load, while the Exterior Damaged and Exterior Mortar tests saw the 
lowest slip and deflection at their respective peak loads.  
 
Table 4.3: Test Results 
Specimen 
Peak 
load, kN 
(kips) 
% of 
Control 
peak 
load 
% of 
Control 
stiffness 
Strand 
slip at 
peak load,    
mm (in.) 
Max. principal 
strain in web 
at peak load, 
mm/mm 
Max. 
FRP 
strain, 
mm/mm 
Ext. 
Control 
282.9 
(63.6) 
100.0 100.0 
1.81 
(0.071) 
0.0153 -- 
Ext. 
Damaged 
206.4 
(46.4) 
73.0 75.9 
0.46 
(0.018) 
0.0063 -- 
Ext. 
Mortar 
229.5 
(51.6) 
81.1 78.9 
0.51 
(0.020) 
0.0062 -- 
GFRP 
288.7 
(64.9) 
102.0 74.4 
2.03 
(0.080) 
0.0108 0.0012 
CFRP 
338.0 
(76.0) 
119.5 106.0 
1.33 
(0.052) 
0.0065 0.0034 
Int. 
Control 
405.9 
(91.3) 
100.0 100.0 -- 0.0228 -- 
Int. 
Damaged 
289.8 
(65.1) 
71.4 86.5 -- 0.0204 -- 
Int. 
Mortar 
326.9 
(73.5) 
80.5 88.4 -- 0.0136 -- 
CFRP 
NSM Bars 
319.1 
(71.7) 
78.6 92.5 -- 0.0087 
0.00098 
(vert.) 
0.0063 
(long.)  
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Figure 4.11: Load vs. deflection curves for exterior spans 
 
 
 
Figure 4.12: Load vs. strand end-slip curves for exterior spans 
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Figure 4.13: Load vs. deflection curves for interior spans 
 
 
4.3 DISCUSSION 
4.3.1 Effect of Cover Damage and Mortar Repair 
As illustrated in Figures 4.11 and 4.13, the removal of the concrete cover resulted 
in decreases in both peak load and stiffness from the control. For example, the Exterior 
Damaged test reached 73% of the peak load and 75.9% of the stiffness of the Exterior 
Control. The addition of the mortar repair recovered some of the strength and stiffness lost 
due to the cover damage. The Exterior Mortar test reached 81.1% of the peak load and 
78.9% of the stiffness of the Exterior Control. The series of interior span tests performed 
similarly as the exterior spans in terms of comparing the Control, Damaged, and Mortar 
tests. However, these spans were slightly stronger and stiffer overall. This could be 
attributed to the fact that the stress transfer had already taken place at the time of strand 
cutting, so more pretensioning was applied to the interior spans than the exterior spans. 
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The maximum principal strains at peak load for the Exterior Control and Exterior Damaged 
cases were .0153 and .0063, respectively. However, the maximum principal strain did not 
increase with the addition of the mortar repair, suggesting the mortar cover is not engaging 
with the core concrete. The fact that the compressive strength of the mortar was less than 
that of the beam concrete (23.4 MPa (3.39 ksi) for mortar vs. 49.4 MPa (7.16 ksi) for 
concrete), offers a conservative estimation of the effect which a normal strength mortar 
would have if used in the repair of damaged end regions of beams similar to the ones tested 
in this study.  
In addition to the reduced mortar compressive strength, the contribution of the 
applied mortar to the shear capacity of the repaired end region could be limited also due to 
the cold joint that exists between the exposed core concrete and the mortar repair. At this 
interface, reduced aggregate interlock diminishes the strength recovery effect of the mortar 
repair. This phenomenon is also suggested by looking at the cracking patterns shown in 
Figure 4.14 for the Control and Mortar tests. In the case of Control test (Figure 4.14(a)), 
the shear cracks propagate in a nearly direct path from the support to the loading plate 
while in the case of Mortar test (Figure 4.14(b)), the shear cracks travel along the 
web/bottom flange junction in the region above the support before proceeding up through 
the web at an approximately 45° angle in the center of the shear span. This junction is 
where the web mortar repair meets the base concrete of the bottom flange, which provides 
a weak interface. This change in cracking pattern shows the propensity of cracks to 
propagate through the weak interface between the concrete and mortar, thus reducing the 
ability of the mortar repair to contribute to the shear strength of the beam. The cracking 
patterns for the interior spans were similar to their respective exterior span tests. Overall, 
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this series of tests illustrates that a conventional mortar repair alone is not sufficient to 
recover the shear strength and stiffness of a beam with severely damaged cover concrete at 
the beam end. 
 
(a) Control (b) Mortar 
Figure 4.14: Cracking patterns in Exterior Control and Mortar tests 
 
 
4.3.2 Discussion on the Effect of FRP Laminate Repair 
As illustrated in Figure 4.11 and Table 4.3, the addition of externally bonded FRP 
shear reinforcement resulted in increases in stiffness and strength from the Mortar test for 
CFRP, but only an increase in strength for GFRP. The GFRP test reached 102% of the peak 
load and 74.4% of the stiffness of the Control, whereas the CFRP test reached 119.5% of 
the peak load and 106.0% of the stiffness of the Control. The immediate drop in the force 
vs. deflection curves after peak load for each of these tests was associated with the 
debonding of the FRP shear reinforcement and is considered the failure point for these tests. 
For the CFRP test, debonding initiated in the endmost FRP shear panel, just above the 
web/bottom flange junction anchor (see Figure 4.15(a)), causing the first drop in the curve 
(see Figure 4.11).  
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(a) CFRP: initial debonding (b) CFRP: final debonding 
(c) GFRP: initial debonding (d) GFRP: final debonding 
Figure 4.15: Debonding in FRP repairs 
 
 
As debonding in the first panel proceeded up the web, stresses were shifted to the 
adjacent shear panel, in which debonding subsequently initiated (see Figure 4.15(b)). The 
top web anchor was able to prevent complete delamination of the FRP reinforcement at the 
top of the web, at least until the beam had been loaded significantly past failure. The test 
was stopped after deformation caused a complete shearing of the beam between the first 
and second shear panels (which was coincident with the edge of the support), causing the 
second panel from the end to delaminate along the sloped portion of the bottom flange. 
In the GFRP test, the debonding initiated almost simultaneously at web/bottom 
flange junction on either side of the second panel and the top of the web along the second 
panel (see Figure 4.15(c)). In this case, the horizontal anchors were ineffective in 
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preventing complete debonding, and the first three panels ultimately debonded together 
from the top of the web (see Figure 4.15(d)), at strains much lower than those which were 
achieved in the CFRP (see Table 4.3). Unlike the CFRP test, the peak load was not 
controlled by initial debonding (see Figure 4.11), but by subsequent debonding.  
The ineffectiveness of the anchors in the case of GFRP can be attributed to the 
increased thickness of the FRP shear reinforcement due to having three plies. This created 
difficulty in getting the anchors to bond to the concrete in the 12.7 mm (0.5 in.) gap between 
shear panels. Without sufficient anchor development between the shear panels, the anchors 
were essentially effective only at the furthest extents of the FRP repair, where there was 
either the loop around the beam end or sufficient development. It is possible the horizontal 
anchors were actually detrimental in the case of the GFRP, as once debonding initiated at 
the top of the web for one panel, the anchor could have prompted debonding at an adjacent 
panel due to its direct connection between the two panels and insufficient development 
between the panels.  
Figure 4.16 shows the load vs. strain in FRP for the CFRP and GFRP tests. For the 
GFRP, debonding in the second panel (on which the strain gage was applied) occurs at 
approximately 1200 µε, at which point the strain at this location decreases. The beam does 
not fail immediately at this point, but rather there is a slight dip, plateau, and slight increase 
in the load vs. deflection curve (see Figure 4.11) as stresses are redistributed within the 
GFRP. This gave the GFRP test a more ductile debonding failure mode than that of the 
CFRP, which experienced a drastic decrease in load after the initial onset of debonding in 
the first panel. The maximum principal strains in the web at peak load also indicate the 
more ductile nature of the GFRP compared to the CFRP. The GFRP achieved a maximum 
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principal strain of .0108 compared to 0.0065 for CFRP, which was only slightly greater 
than that of the Damage and Mortar cases. For the CFRP, the location of the strain gage 
did not see much strain until the test was much past the peak load, as the stresses resisted 
by the CFRP pre-failure were concentrated in the first panel. However, the fact that the 
second panel reached 3400 µε before debonding, albeit after beam failure, indicates that 
the CFRP was likely able to achieve higher effective strains before debonding than the 
GFRP. However, it cannot be confidently concluded whether this was due the increased 
effectiveness of the anchors, fewer plies, the difference in material, or a combination of 
these factors. It is interesting to note that the effective strain in one ply of CFRP was nearly 
three times that of three plies of GFRP.  
 
 
Figure 4.16: Load vs. strain in FRP laminates 
 
 
 
70 
 
The overall effectiveness of both types of FRP laminates could also have been 
limited by the low shear span-to-depth ratio used in these tests. Since the arching action 
mechanism for shear transfer governs over traditional shear transfer, the cracking and 
debonding behavior likely differs from situations in which a larger shear span-to-depth 
ratio is used. Externally bonded FRP shear reinforcement has already been proven in other 
studies to be effective for larger a/d ratios. The purpose of this study was to examine if any 
effectiveness could be observed using this technique for localized end region damage, thus 
limiting the results of these tests to this specific application. 
 
4.3.3 Discussion on the Effect of CFRP NSM Bar Repair 
As illustrated in Figure 4.13 and Table 4.3, the addition of the CFRP NSM bar 
repair resulted in only a slight increase in stiffness and a slight decrease in strength from 
the interior Mortar test. The CFRP NSM bar repaired span reached just 78.6% of the peak 
load and 92.5% of the stiffness of the interior Control. The drop in the force vs. deflection 
curves after peak load for this test was associated with the debonding of the vertical CFRP 
bars in the web at the epoxy/mortar interface and is considered the failure point for this test. 
Debonding also occurred at the epoxy/mortar interface for the longitudinal bars, but this 
occurred after the failure of the beam.  
The cause of the overall ineffectiveness of the CFRP NSM bar repair is evident 
when observing the cracking patterns in the span. As shown in Figure 4.17(a), the 
longitudinal CFRP bars in the bottom flange were successful in bridging the shear cracks. 
The vertical bars in the web, however, were largely ineffective. A large crack initiated at 
the termination point of the uppermost longitudinal bar and proceeded along the 
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web/bottom flange interface, which was also the line of termination for the mortar repair. 
Once reaching the 5th vertical bar from the end, the crack turned sharply upwards and 
proceeded along the epoxy/concrete interface of this bar (see Figure 4.17(b)). The shear 
cracks that were bridged along the bottom flange also joined this crack at this location. 
Because the vertical bars were unable to bridge the cracks in the web, the shear capacity of 
the beam was not increased. There are several factors that may have contributed to this 
phenomenon. Due to the small scale of the beam, the development length of the vertical 
bars may have been insufficient. Additionally, the weak interface between the mortar repair 
and the existing concrete was coincidental with the bottom of the notches for the vertical 
bars. This weak interface promoted cracking at the mortar/concrete interface, which 
undermined any potential effectiveness of these bars since stresses were not transferred 
evenly through the concrete and mortar. On one side of the beam large pieces of the mortar 
repair spalled away from the beam web due to the combination of the weak mortar/concrete 
interface and the tendency for the cracking in the web to propagate between the vertical 
bars (see Figures 4.17(c)-(d)). 
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(a) Cracking pattern (b) Cracking around CFRP bars in web 
(c) Debonding at epoxy/concrete interface (d) Debonded sections of mortar 
Figure 4.17: Cracking and debonding in CFRP NSM bar repair 
 
 
As can be seen in Figure 4.18, the strain in the bottom longitudinal bar reached 
6300 µε compared to just 980 µε for the vertical bar. This furthers the notion that presence 
of the mortar repair was the main cause for the ineffectiveness of the vertical bars and the 
CFRP NSM bar repair as a whole. Because the notches in the bottom flange were cut in 
the original concrete, there was no weak interface coincidental with the bottom of the notch. 
This allowed the stresses in the concrete to be transferred effectively to the CFRP bars. The 
longitudinal bars also benefited from an increased development length over the vertical 
bars. Additionally, the termination points for the longitudinal bars were not located in 
region of high stress like the termination points for the vertical bars. This forced the cracks 
to propagate across the bars, instead of taking an easier path around the ends of the bars. 
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Because of the high strains observed in the longitudinal bars, this repair method shows 
potential to be effective despite the results of this test. In a large scale beam test, the bars 
in the web would have greater development length, similar to that of the longitudinal bars 
used in this small scale beam test. Using bars at 45° in the web would both increase the 
development length further and promote crack propagation across the bars. However, in 
the case of severe cover concrete damage requiring an extensive mortar repair, the results 
of these tests indicate that the NSM bar repair technique would likely be an inferior repair 
scheme to FRP laminates.  
 
 
Figure 4.18: Load vs. strain in CFRP NSM bars 
 
 
4.3.4 Discussion on the FRP Laminate Effective Strain  
Based on the equations for effective strain in bonded face ply wrapping schemes 
for shear strengthening of concrete beams in ACI 440.2R-08 (ACI 2008), the effective 
74 
 
strains should have been similar for the GFRP and CFRP laminate repairs. Equations 4-1 
through 4-4 show the calculations for effective strain for the GFRP and CFRP repairs used 
in this study. 
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where Le = active bond length (mm), n = number of plies of FRP, tf = thickness of 1 ply of 
FRP (mm), Ef = elastic modulus of FRP (MPa), dfv= effective depth of FRP reinforcement 
(mm), and εfe = effective strain in FRP at failure. 
The effective strains for the GFRP and CFRP laminate configurations used in this 
study were calculated as 0.00221 and 0.00227, respectively. The active bond lengths were 
essentially the same due to the product of the thickness and modulus of each material, 
resulting in close effective strains. Assuming the strain in the CFRP at initial debonding is 
similar to that achieved at the strain gage location, a strain of 0.0034 vastly outperformed 
that calculated using the ACI 440.2R-08 equations, and is close to the effective strain limit 
of 0.004 due to loss of aggregate interlock. The GFRP, however, underperformed by 
reaching only 0.0012. This suggests that the horizontal anchors were helpful in the case of 
CFRP, while possibly detrimental in the case of GFRP. This could also suggest that the 
thickness alone of the FRP laminate may be more indicative of how easily an FRP laminate 
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repair may debond than the overall stiffness (product of the thickness and modulus), 
especially in the case of an AASHTO I-girder type profile. ACI 440.2R-08 assumes the 
beam has a simple rectangular or T-beam geometry in its equations. As mentioned 
previously, the complex geometry of the bottom flange presented some difficulty as the 
thickness of the FRP increased. Even in the wet layup stage, the three plies of GFRP had a 
tendency to straighten and detach from the inner turn at the web/bottom flange junction. 
When placed under tension, forces in the shear laminates at this interface can cause 
debonding to initiate at this location. This concept is noted in Rosenboom (2006) and 
shown in Figure 4.19. This illustrates the importance of having some sort of anchoring 
system at this interface in addition to providing anchorage at the termination location of 
the FRP (the top of the web). This also shows that beam geometry should be taken into 
consideration in design equations, such as those in ACI 440.2R-08, which aim to predict 
the effective strain in FRP shear laminates prior to delamination. More research is needed 
to determine the exact relationships between effective FRP strain and beam geometry, FRP 
thickness, and addition of horizontal web anchors.  
 
 
Figure 4.19: Forces at web/bottom flange interface 
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CHAPTER 5: FINITE ELEMENT ANALYSIS 
 
This chapter investigates the use of FRP composite materials as a means of 
repairing and retrofitting the damaged ends of prestressed concrete bridge girders through 
finite element (FE) modeling. First, a 3D FE model was created for the experimental shear 
pull off testing previously performed on unaged and aged carbon CFRP externally bonded 
laminate specimens, and the bond-slip behavior was calibrated to the experimental data. 
This model was then utilized in a 3D FE analysis of a full scale PC bridge girder to study 
the effectiveness of various types of externally bonded CFRP laminate shear repairs at the 
damaged end regions of PC bridge girders. In addition to modeling the CFRP laminate 
repairs, the effect on strength and stiffness of the girder due to end region damage was 
investigated. Finally, reductions in stiffness and bond strength due to accelerated aging 
were implemented into the repaired PC bridge girder model to investigate the effectiveness 
of CFRP laminate shear repairs at the end region after long term environmental exposure. 
 
5.1 BOND-SLIP FINITE ELEMENT MODELING 
The results of a portion the shear pullout tests performed in Chapter 3 were used to 
model the bond-slip behavior of unaged and aged CFRP laminates. Figure 5.1 summarizes 
the results of the 101.6 mm (4 in.), 152.4 mm (6 in.), and 203.2 mm (8 in.) bond lengths of 
CFRP that were modeled. All FE modeling in this chapter was performed using the 
software program ABAQUS/CAE 6.13 (Dassault Systèmes 2013). Each model of the 
pullout tests discussed in Chapter 3 was comprised of three geometrical components: a 
concrete prism, an FRP laminate, and a thin cohesive interface layer between the concrete 
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and the FRP laminate. 
 
 
 
5.1.1 Concrete Block 
The 89 mm x 89 mm x 305 mm (3.5 in. x 3.5 in. x 12 in.) concrete prism was 
modeled using C3D8 8-node linear brick elements. The eight nodes defining each 
brick element are each associated with three translational degrees of freedom. The 
concrete material model consisted of an isotropic linear elastic ascending branch, 
followed by plastic behavior defined through the concrete damaged plasticity model 
parameters. The concrete modulus of elasticity Ec was calculated as 4.73√f’c, or 31.7 
GPa (4600 ksi). The compressive behavior was based on Todeschini (1964) stress-
strain model shown in Equation 5-1. The strain at maximum compressive stress is 
 
Figure 5.1: Peak loads for CFRP laminate specimens modeled 
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calculated using Equation 5-2 (MacGregor and Wight 2005), where fc is concrete 
stress (in MPa) at any given strain ε and εo is strain at maximum compressive strength 
f’c (in MPa). The stress-strain curve used in this analysis is shown in Figure 5.2. 
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The tensile behavior of concrete is defined by a linear ascending branch up to the 
modulus of rupture (taken as 0.622√f’c, or 4.17 MPa (600 psi)), followed by a descending 
linear branch, as seen in Figure 5.3. If a realistic value for strain at the end of the descending 
Figure 5.2: Concrete compressive stress-strain behavior used in the analysis 
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branch is used in the tension model, convergence issues may occur. Therefore, the value 
for ultimate strain is typically specified as the lowest value that will allow for convergence 
of the model, shown as 0.0005 in Fig. 5.3. 
 
 
 
5.1.2 FRP Laminate 
The FRP laminate sheets were modeled using S4 4-node linear shell elements. 
Orthotropic plane stress linear elastic behavior was used to define the FRP material, which 
requires parameters E1, E2, ν12, G12, G13, and G23. The properties of the unidirectional 
carbon fiber composite and epoxy matrix were taken from the manufacturer’s data 
(QuakeWrap 2016a,b). The specified E1 and E2 correspond to the elastic moduli in the 
longitudinal (parallel to fibers) and transverse (perpendicular to fibers) directions in the 
laminate. E1 (the elastic modulus of carbon fibers laminated with epoxy resin), was defined 
Figure 5.3: Concrete tensile stress-strain behavior used in the analysis 
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as 89.6 GPa (13000 ksi) while E2 (the elastic modulus of the epoxy resin only) was defined 
as 2.0 GPa (290 ksi). The Poisson’s ratio and shear moduli were not provided by the 
manufacturer, so values were estimated. The volume fraction of fibers, Vf, was calculated 
as 0.383 using Equation 5-3 and the known elastic moduli for the carbon fibers (Ef = 231 
GPa), epoxy matrix (Em = 2.0 GPa), and resulting composite laminate (E = 89.6 GPa). 
 
( ) ffmf EVEVE +−= 1      (5-3) 
            
Using the charts for carbon/epoxy composites in Younes et al. (2012), the values 
for ν12, G12, G13, and G23 were approximated as 0.32, 4.1 GPa (595 ksi), 4.1 GPa (595 ksi), 
and 2.8 GPa (406 ksi), respectively. The composite layup tool was used to assign and 
appropriately orient the material properties to the laminate part and specify a thickness of 
1.24 mm (0.049 in.). 
 
5.1.3 Cohesive Interface 
When modeling FRP composites bonded to concrete, it is crucial to include some 
sort of cohesive interaction or interface between the two substrates in order to accurately 
model the delamination/debonding failure mode that is often prevalent in this application. 
For this model, a thin layer was placed between the FRP laminate and concrete block, 
meshed with COH3D8 8-node three-dimensional cohesive elements. The cohesive 
behavior was modeled through a traction-separation response. The traction-separation 
behavior consists of a linear ascending branch, damage initiation, and damage evolution, 
seen in Figure 5.4. 
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Once the stresses at a node reach the damage initiation criteria, degradation begins. 
The damage initiation criteria used was the maximum nominal stress criterion, in which 
damage initiates when any of the maximum stress values assigned are reached. Three 
maximum stress values were prescribed; normal to the interface, and shear in the first or 
second directions. The maximum normal stress value was chosen as the modulus of rupture 
of concrete, which represents the delamination failure mode that is caused by concrete 
cracking and occurs just below the surface of the concrete substrate. The maximum shear 
stresses were calibrated based upon the results from the experimental testing. In addition 
to the damage initiation criteria, uncoupled traction-separation moduli were assigned (Enn, 
Ess, Ett). These values relate the nominal strains in the cohesive layer to the traction vector 
through the elasticity matrix (Equation 5-4). The nominal strains are a function of the 
 
Figure 5.4: Typical traction-separation behavior for cohesive elements  
(Dassault Systèmes 2013) 
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corresponding separations in the normal or either shear direction (δi) and the initial 
thickness of the cohesive layer (To) (Equation 5-5). The uncoupled traction-separation 
moduli and cohesive layer thickness were adjusted during the calibration process to achieve 
a good fit with the experimental data. The damage evolution used in this model is 
characterized by a linear branch from the point of damage initiation to zero stress at a 
specified failure displacement, another parameter that was adjusted during the calibration 
process. 
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5.1.4 Model Assembly 
Tie constraints were used to affix either side of the cohesive layer to the concrete 
block and FRP laminate. A finer mesh was generated on the cohesive layer, as this was the 
slave surface when applying the tie constraints to the concrete and FRP laminate. The 
length of the cohesive layer was varied between 101.6 mm (4 in.), 152.4 mm (6 in.), and 
203.2 mm (8 in.) to model each of the tested experimental bond lengths. Displacement was 
applied at top end of the laminate, while end-slip was measured at the opposite end. A fixed 
boundary condition was applied to the top of the concrete block on the end where 
displacement was applied. Figure 5.5 shows several of these model assemblies.  
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5.1.5 Model Calibration 
In order to represent the experimental results, several parameters of the cohesive 
element layer had to be calibrated, namely the traction-separation moduli (Enn, Ess, Ett), 
maximum bond shear stresses (τ1, τ2), and displacement at failure (δu). The calibration 
process involved several iterations, after each of which the force vs. end-slip behavior was 
plotted and compared to that of the experimental results. The interface stiffness was 
assumed isotropic, so all three traction-separation moduli were calibrated with a single 
value E. Likewise, the maximum bond shear stress in either direction was set to the same 
value τmax. It was not possible to create a single set of parameters that would accurately 
predict the force-slip behavior for all bond lengths tested; thus, each bond length model 
 
(a) Plan view showing bond lengths (mm) (b) Side view 
Figure 5.5: Shear pull off models with varying bond lengths 
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was calibrated to its respective experimental test to create a set of cohesive element 
properties. The same process was repeated and compared to the experimental force-slip 
curves of the CFRP laminate specimens that had been aged for 40 cycles. The reductions 
in stiffness and strength of each bond length for the aged specimens were calculated and 
averaged together. Table 5.1 summarizes these calibrated parameters for the unaged and 
aged CFRP specimens. Figure 5.6 compares the force-slip curves generated from the model 
calibration with those obtained experimentally for the unaged and aged specimens for the 
intermediate bond length. Because the simplified bilinear bond-slip model used in the 
analysis cannot account for the nonlinear behavior observed experimentally for some of 
the specimens, all models were calibrated to the initial stiffness of the FRP-concrete joint, 
up to the point of maximum force for each individual test.  
 
Table 5.1: Calibrated Cohesive Layer Parameters   
Model 
τmax, 
MPa (psi) 
τmax 
reduction 
E,         
MPa (ksi) 
E 
reduction 
C1a-Unaged 3.09 (448) -- 100.0 (14.5) -- 
C1-Aged 1.93 (280) 37.5% 58.6 (8.5) 51.2% 
C2-Unaged 2.04 (296) -- 94.5 (13.7) -- 
C2-Aged 1.43 (207) 29.7% 55.2 (8.0) 41.4% 
C3-Unaged 1.90 (276) -- 147.3 (21.4) -- 
C3-Aged 1.35 (196) 29.0% 81.6 (11.8) 41.6% 
Avg. Reduction -- 32.1% -- 44.7% 
aC1: bond length of 101.6 mm; C2: bond length of 152.4 mm;  
C3: bond length of 203.2 mm 
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(a) Unaged, 152.4 mm bond length (b) Aged, 152.4 mm bond length 
  Figure 5.6: Force vs. end-slip of CFRP laminate shear pull off experimental tests and 
calibrated FEM models 
 
 
5.2 PC I-GIRDER FINITE ELEMENT MODEL 
5.2.1 Model Description and Calibration 
The model of the prestressed concrete (PC) I-girder analyzed in this study was based off 
of experimental tests performed by Andrawes and Pozolo (2011). The I-girder model included 
several geometrical parts: high strength steel prestressed strands, mild steel bars and 
stirrups, the concrete girder, and loading/support plates. To reduce computational demand, 
half of the I-girder cross-section is modeled, with a symmetric boundary condition placed 
on the inner face of the girder.  
    
5.2.2 Prestressing Strands and Mild Steel 
The prestressing strands and mild steel bars and stirrups were modeled using T3D2 
2-node linear 3-D truss elements. These elements consider tension and compression, but 
not bending. Each node is associated with three translational degrees of freedom. The 
prestressing strands have a cross-sectional area of 98.7 mm2 (0.153 in2), elastic modulus of 
197.9 GPa (28700 ksi) and ultimate strength of 1862 MPa (270 ksi). The nonlinear stress-
86 
 
strain curve is a simplified version of that typically seen with high strength prestressing 
strands, with yielding occurring at 90% of the ultimate strength, or 1675 MPa (243 ksi) 
(Figure 5.7). Prestress was applied by imposing a negative predefined temperature field on 
the strands, which have been given a thermal expansion coefficient, to create tension in the 
strands. This tension is transferred to the concrete in the first step of the analysis, inducing 
camber in the girder. The thermal expansion coefficient was adjusted until the effective 
prestress after transfer is at approximately 1140 MPa (165 ksi). Mild steel was modeled as 
elastic-perfectly plastic with an elastic modulus of 200 GPa (29000 ksi) and a yield strength 
of 414 MPa (60 ksi) (Figure 5.7). Exact size and location of longitudinal bars and stirrups 
can be found in Andrawes and Pozolo (2011). All of the mild and prestressing steel was 
embedded within the concrete girder.  
 
(a) Prestressing Strands (b) Mild Steel 
Figure 5.7: Stress-strain curves for steel used in PC I-girder model 
 
 
5.2.3 Concrete Girder 
The same element type and material models for compressive and tensile behavior that 
were used in the pull off test were used for the I-girder. Figure 5.8a shows the cross-sectional 
dimensions of the girder (without the added slab) and the layout of the prestressing strands. 
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Figure 5.8b shows a meshed cross-section of the FE model including the strand locations. 
The girder measures 14.63 m (48 ft.) in length. The concrete compressive strength f’c was 
specified as 41.8 MPa (6.06 ksi), which is 90% of the f’c of I-Girder 2 as tested in Andrawes and 
Pozolo (2011). The 10% reduction in compressive strength accounts for the difference between 
cylinder and member strength. The 203 mm x 762 mm (8 in. x 30 in.) slab portion that was cast 
on top of the I-girder was assumed to have the same compressive strength. To account for the 
casting of the slab after transfer of prestress, a positive predefined temperature field is applied 
to the slab portion of the model and the longitudinal rebar contained within the slab portion. 
This creates compression in the slab, which counteracts the tension produced in the slab by 
the cambering of the girder in the prestressing step.  
 
 
  
(a) Dimensions, mm (b) FE mesh  
Figure 5.8: Cross-section of I-girder (Andrawes and Pozolo 2011) 
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5.2.4 Loading and Support Plates 
The loading and support plates used the same material model as the mild steel, but with 
C3D8 8-node linear brick elements. The exact width and depth of the support plates and 
loading plate used in Andrawes and Pozolo (2011) were used in this model in order to 
recreate boundary conditions as close as possible to the experimental test. The supports 
were tied to the concrete surface on one face, and boundary conditions representing either 
a pin or roller were applied along the center line of the opposite face of the plate. The same 
concept was applied to the loading plate, but with a downward displacement along the 
center line of the plate instead of a boundary condition.  
 
5.2.5 Model Calibration 
Before performing damage and CFRP repair studies on the I-girder, it was necessary to 
first calibrate the model to the experimental data. The loading plate and support locations were 
placed in the three-point loading position of Test 7 (Andrawes and Pozolo 2011), which has a 
shear span of 1.47 m (4.8 ft.) and a support to support distance of 10.84 m (35.6 ft.). Figure 5.9 
shows the model assembly in this test configuration. Deflection was measured under the point of 
loading, and the load-deflection curve obtained from analysis was compared to that from the test 
(Figure 5.10). While the initial stiffness of the FEM model is slightly greater than the 
experimental test, the load-deflection behavior correlates reasonably well overall. 
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(a) Three point bending test setup 
(b) View of internal reinforcement 
Figure 5.9: Model assembly for three point bending calibration 
 
 
 
 
 
 
Figure 5.10: Load-deflection plots for model calibration to Andrawes and Pozolo (2011) 
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5.3 DAMAGE AND MORTAR REPAIR ANALYSIS 
After calibrating the I-girder model, the effect of end region damage was investigated. 
The goal of this portion of the study was to apply damage to the model in a way that was 
representative of the type of end region damage that could be expected in the field, and compare 
the behavior of the damaged beam with that of the control. In addition to investigating the effect 
of damage, the recovery effect of a mortar repair on the damaged end region, which is a common 
repair technique used in the field, is explored. Figure 1.1 shows an example of the type of end 
region damage and mortar repair of a damaged beam end that this analysis aims to model.  
Because of the localized nature of the end region damage, shear failure is the primary 
concern. Since the damage may not progress much more than the beam depth from the end, the 
behavior of the beam in a short shear span test should be investigated. For this reason, the shear 
span was chosen as 1.3 of the beam depth, or 1.52 m (5 ft.), for all the I-girder models performed 
in this section and beyond. The supports were placed at the ends of the girder, to represent the 
configuration used in the field of a simply supported beam with no cantilever. 
The end region damage observed in the field largely affects the cover concrete of the 
girder. In severe cases, the stirrups may be corroded, and the cover concrete can be completely 
spalled off. These ideas were applied to the model to create a case where damage has progressed 
to the point of concrete cover loss at the very end of the beam with corrosion occurring in the 
outermost portions of the stirrups. The idea of damage progression starting from the end of the 
girder is taken into account by partitioning the damaged region into three 508 mm wide zones, 
and prescribing different levels of damage to each zone. In Zone 1 (closest to the end), the 
compressive strength of cover concrete is reduced to 0.0f’c and the area of the stirrups is reduced 
to 0.5Av, where Av is the undamaged cross-sectional area of the stirrups. In Zone 2, the 
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compressive strength of cover concrete is reduced to 0.2f’c and the area of the stirrups is reduced 
to 0.8Av. In Zone 3, the compressive strength of cover concrete is reduced to 0.5f’c and the area 
of the stirrups is left at 1.0Av. Figure 5.11 illustrates this progressive damage scheme. Figure 5.12 
shows the reduced compressive strength stress-strain curves for the cover concrete. For Zone 1, 
the cover concrete was given an elastic modulus close to zero so that this concrete would provide 
negligible force resistance.    
 
 
 
(a) Cover damage profile (b) Cover Damage zones 
  
(c) Stirrup damaged profile (d) Stirrup damage zones 
Figure 5.11: Progressive end region damage scheme 
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Next, a model was created to represent a typical mortar repair to the damaged end region 
of the girder. High strength repair mortars can achieve strengths in excess of 50 MPa (7 ksi), but 
early set strengths tend to be in the range of 20-30 MPa (3-4.5 ksi). The cold joint that exists 
between the mortar repair and existing concrete may also limit the ability of the mortar to 
contribute to the shear strength of the girder. For these reasons, the mortar strength was 
approximated as 20.9 MPa (3.03 ksi) for the purposes of this study. In this model, the cover 
concrete strength in Zones 1 and 2 is increased to 20.9 MPa (or 0.5f’c) and Zone 3 is left at 0.5f’c. 
The reduced area stirrups in Zones 1 and 2 are left as is to represent a scenario in which mortar 
is placed over the corroded stirrups without additional steel reinforcement being provided. Figure 
5.13 shows the load-deflection plots for the control, damaged, and mortar repaired I-girder 
models. The damaged case resulted in a 21.5% decrease in strength and 17% loss in stiffness 
compared to the control. Secant stiffness values are compared at the onset of nonlinear behavior 
at a deflection of approximately 4 mm (0.16 in.). The mortar repaired case saw a 15.8% decrease 
 
Figure 5.12: Reduced strength cover concrete stress-strain curves 
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in strength from the control (recovered 5.7%), but stiffness recovery was negligible. This study 
shows that supplementary reinforcement, in addition to a basic mortar repair, is necessary to 
regain the capacity of the control girder. It is important to note that due to the short shear span-
to-depth ratio investigated in this study, failure of the girder occurs due to arch action, not 
conventional beam action shear failure.  
 
 
 
5.4 CFRP LAMINATE REPAIR ANALYSIS 
After concluding that a mortar repair alone is insufficient to regain the original strength 
and stiffness of the I-girder, CFRP laminate repair studies were conducted. First, an appropriate 
cohesive bond stress-slip model was chosen from the literature. Lu et al. (2005) proposed three 
bond stress-slip models based on a database of existing pull tests. These models, particularly the 
Figure 5.13: Load-deflection plots for control, damaged, and mortar repaired girder 
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bilinear model, have been used in many FE models to model the debonding failure at the 
FRP/concrete interface. One drawback to this model is the difficulty in interpreting a geometrical 
constant that relates the width of the FRP laminate to the width of the concrete prism to which it 
is attached. For FRP shear reinforcement applications, this value cannot be easily determined. 
Sato and Vecchio (2003) proposed a similar bilinear model that solely depends on the concrete 
strength and assumes failure within the thin layer of concrete below the FRP/concrete interface. 
This model has been validated in FE modeling of FRP shear reinforced PC girders by both You 
et al. (2011) and Qapo et al. (2014). Therefore, this model was chosen to model the 
FRP/concrete interface. Equations 5-6 through 5-9 define the bilinear bond-slip curve used 
in this study, where τmax is the maximum bond stress, So is the slip at τmax, Su is the ultimate 
slip, and Gf is the fracture energy.  
 
19.0
max )'54( cf=τ  (MPa)    (5-6) 
fo GS 057.0=  (mm)     (5-7) 
max
2
τ
f
u
G
S =  (mm)     (5-8) 
2
max
6.6






=
τ
fG  (N/mm)     (5-9) 
 
The f’c was chosen as 20.9 MPa (3.03 ksi), the assumed strength of the cover concrete 
after mortar repair. To incorporate the effect of accelerated aging, the average reductions in the 
maximum bond stress and stiffness of the interface from Table 5.1 are applied to the Sato and 
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Vecchio model to generate an aged bond stress-slip curve. The unaged and aged bond stress-slip 
models used in this study are shown in Figure 5.14. 
 
 
The goal of this portion of the study was to determine if CFRP laminates could be 
effective in restoring the original capacity of the girder when tested at a low shear span to depth 
ratio (1.3), then investigate different web anchoring schemes using longitudinal CFRP laminates 
to determine the most efficient and effective use of material for this application. All the models 
run in these parametric series are summarized in Table 5.2.  
 
 
 
 
 
 
Figure 5.14: Bond stress-slip model used for FRP/concrete interface 
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Table 5.2: Test Matrix for All Parametric Series 
Model 
# of 
Plies 
Width of CFRP 
Laminate, mm 
(in.) 
Long. CFRP 
Web Anchors 
Peak Load, kN 
(kips) 
% of 
control 
P1-1 1 508 (20) -- 1702.2 (382.7) 87.9% 
P1-2 1 1016 (40) -- 1813.6 (407.7) 93.7% 
P1-3 1 1524 (60) -- 1983.7 (446.0) 102.5% 
P1-F 1 1721 (67.8) -- 1978.5 (444.8) 102.2% 
P1-3-wa 1 1524 (60) Yes 2043.5 (459.4) 105.6% 
P2-F 2 1721 (67.8) -- 2011.2 (452.1) 103.9% 
P1-F-Aged 1 1721 (67.8) -- 1945.9 (437.5) 100.5% 
 
 
The first four models in the parametric series (P1-1, P1-2, P1-3, and P1-F) used one 1.24 
mm (0.049 in.) thick ply of unidirectional CFRP oriented vertically as shear reinforcement with 
no web anchorage and with varying extent of coverage from the end of the beam. The purpose 
of this series is to determine how much of the damaged end region is necessary to be repaired 
with CFRP. Figure 5.15 shows the various CFRP layouts of this series. The load-deflection plots 
for this series are shown in Figure 5.16.  
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(a) P1-1 (Zone 1) (b) P1-2 (Zones 1-2) 
(c) P1-3 (Zones 1-3) (d) P1-F (Full span, support to loading plate) 
Figure 5.15: Extent of CFRP shear reinforcement in P1-1 through P1-F models 
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P1-3 and P1-F were able to recover the stiffness of the control girder and achieved peak 
loads of 102.5% and 102.2%, respectively, of that of the control before debonding of the CFRP 
occurred. Figure 5.17 shows the stress contours of the cohesive interface at the moment of 
debonding for P1-1, P1-2, and P1-3. The onset of debonding in P1-1 and P1-2 occurs on the right 
side of the CFRP sheet due to tensile cracking in the web coinciding with the termination point 
of the laminate. For the laminates that extend further, debonding initiates near the top of the 
laminate, where tensile cracking in the web meets the top flange of the girder. For all cases, there 
is also a stress concentration located at the web/bottom flange junction on the left side of the 
laminate. This stress concentration, as well as the debonding at the top of the laminate, is 
addressed in the next study with the introduction of longitudinal CFRP web anchors.  
 
Figure 5.16: Effect of FRP reinforcement on load-deflection response of P1-1 through 
P1-F models 
99 
 
  
(a) P1-1 (b) P1-2 
 
(c) P1-3 
Figure 5.17: Cohesive interface debonding (region of debonding onset indicated) 
     
 
Next, the effect of using longitudinal web anchors at the top and bottom of the web was 
studied in the P1-3-wa model in an attempt to delay debonding and improve the effectiveness of 
the shear CFRP laminates. In this model, 76 mm (3 in.) wide longitudinal CFRP anchors are 
placed at the top and bottom of the web. In order to develop the CFRP anchors, some bonded 
area to the concrete is needed. These anchors have a 152 mm (6 in.) extension past the shear 
CFRP panel on the right side, but at the end of the beam a 51 mm (2 in.) bond length was 
prescribed, which should allow for development of the anchor at the beam end with only a minor 
loss of shear CFRP coverage at the very end of the beam. The amount of shear CFRP used in 
this model is equal to that used in P1-3. The anchors are tied to the shear CFRP where they 
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overlap and are connected to the concrete through a cohesive layer where they extend past the 
shear CFRP. Figure 5.18 shows this configuration. The load-deflection plot for this model is 
shown in Figure 5.19.  
 
 
Figure 5.18: Parametric Series 2: Web anchor effect (P1-3-wa) 
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The addition of longitudinal web anchors proved beneficial in increasing the peak load 
to 105.6% that of the control, an increase of 3.1% over P1-3. The stiffness did not change 
significantly with the addition of anchors, although debonding did occur at a slightly lower 
deflection than P1-3 (22.5 mm (0.89 in.) vs 23.7 mm (0.93 in.)). The debonding failure mode is 
similar to that of P1-3 in that it starts at the top of the shear CFRP near the middle of the shear 
span and proceeds towards the end of the beam (Figure 5.20). However, the bottom web anchor 
does somewhat relieve the stress concentration in the shear CFRP at the web/bottom flange 
junction near the end of the beam.  
 
Figure 5.19: Effect of adding web anchorage on load-deflection response 
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Figure 5.20: Cohesive interface debonding (P1-3-wa) 
 
 
 Finally the effects of increasing the FRP thickness by using 2 plies of shear CFRP as 
well as the effect of accelerated aging were studied. Model P2-F is identical to P1-F except that 
the CFRP laminate thickness is increased to 2.48 mm (0.098 in.) to represent 2 plies. The aged 
bond stress-slip model was applied to the model P1-F-Aged, which is otherwise identical to P1-
F. The load deflection plots from these models are shown in Figure 5.21. 
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The addition of an extra ply of CFRP slightly increased the stiffness and peak load of the 
girder, but with a significant decrease in ductility. This concept is noted in the ACI 440 (2008) 
design equations for FRP contribution to shear strength, where additional bonded face plies 
decrease the active bond length, which in turn decreases the effective strain of the FRP at 
debonding. P1-F-Aged followed the load-deflection curve of P1-F, but debonding initiated at a 
lower load/deflection. This model was still able to reach 100.5% of the peak load of the control 
girder (only 1.6% less than the unaged case), however, without a loss in member stiffness. This 
shows that despite the significant reduction in stiffness of the bond stress-slip model for the aged 
FRP/concrete interface, the global stiffness of the girder was unaffected.  
     
 
 
 
 
Figure 5.21: Effects of FRP thickness and aging on load-deflection response 
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CHAPTER 6: CONCLUSIONS 
 
6.1 SHEAR PULLOUT TESTS 
The primary goals of this research was to determine if externally bonded FRP sheets 
or NSM FRP bars could be effectively used as long-term repair solutions for damaged end 
regions of PC bridge girders. First, direct shear pull-out tests were performed on GFRP and 
CFRP laminate and NSM bar concrete specimens. Some of these specimens were subjected 
to an accelerated aging protocol consisting of freeze/thaw cycling in the presence of a 
deicing salt solution. The purpose of these tests was to determine what effect, if any, the 
aging process had on the bond-slip behavior and capacity of the FRP/concrete interface. 
From these tests, the following conclusions were drawn: 
• The NSM bar method offers more efficient usage of FRP material than externally 
bonded FRP laminates with regards to the percentage of ultimate strength of the 
FRP materials that can be achieved and average bond stress. This is due to the fact 
that the capacity of a FRP laminate interface is determined by its effective bond 
length, no matter bonded length of the interface, while the NSM bars can achieve 
strengths as high as the tensile strength of the FRP itself if the bonded length is 
sufficient. 
• For externally bonded FRP laminates, GFRP performed better on average than 
CFRP after undergoing freeze/thaw cycling in presence of a deicing salt solution, 
both in terms of decrease in pull-out force and stiffness of the FRP/concrete 
interface.  
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• For externally bonded GFRP laminates, degradation of the FRP/concrete interface 
occurred mainly in the first 40 cycles of aging. 
• GFRP NSM bars saw a negligible decline in performance after accelerated aging 
for the bond lengths investigated. Failure mode was either FRP bar rupture or 
failure at the epoxy/bar interface at stress levels close to the rupture strength of the 
bar and was not affected by aging. 
• Some CFRP NSM bar specimens saw a shift in failure mode from the epoxy/bar 
interface to the epoxy/concrete interface after accelerated aging. Epoxy/concrete 
interface failure was caused by concrete cracking along the bonded length, which 
was induced by the scaling damage incurred at the concrete surface. Specimens that 
shifted failure mode saw a large decrease in pull-out force, while specimens that 
retained the epoxy/bar failure mode did not see a decrease in pull-out force. 
• From these limited tests, the NSM technique for repair and retrofit of concrete 
structures with FRP appears to be superior to externally bonded laminates in terms 
of material efficiency and resistance to environmental effects. 
 
6.2 SMALL SCALE BEAM TESTS 
Next, three point bending tests were performed on small scale PC beams to examine 
the effect of using mortar-only and mortar in conjunction with various FRP repairs in 
restoring the shear capacity of damaged end regions of these beams. Concrete cover 
damage was imposed at the beam ends to simulate deterioration caused by long term 
environmental exposure. A quick setting mortar repair was applied to the damaged region 
to investigate the effectiveness of a typical field mortar repair. Externally bonded GFRP 
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and CFRP laminate systems and a CFRP NSM bar system were used in conjunction with 
the mortar repair as additional shear reinforcement in an effort to regain the shear capacity 
of the undamaged beam. From these tests, the following conclusions were drawn:  
• A mortar repair alone is not enough to regain the strength and stiffness of a girder 
with diminished shear capacity due to loss of cover concrete in the web. The cold 
joint between the existing concrete and mortar limits the engagement of the mortar 
repair in shear and provides a weak interface along which shear cracks will 
propagate. 
• Externally bonded FRP shear reinforcement can be used to regain and even exceed 
the shear capacity of the undamaged girder, even when using a low shear span-to-
depth ratio for testing.  
• Longitudinal FRP anchors placed over the FRP shear laminates can be effective in 
preventing complete delamination of the shear laminates and increasing the 
effective FRP strain at delamination. For AASHTO I-girders, these anchors can 
specifically prevent debonding at the interface between the web and bottom flange. 
Further research should be performed to optimize the distance required for anchor 
development between the FRP shear panels. 
• The CFRP laminate repair was more effective than the GFRP repair in both stiffness 
and strength gain and was able to exceed the strength and stiffness of the control 
beam. GFRP laminates were able to regain the strength of the control beam, but 
showed no stiffness recovery. 
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• The FRP NSM bar repair method is not suitable for situations requiring an extensive 
mortar repair. The interface between the mortar repair and the base concrete inhibits 
the transfer of stress to the FRP bars located within the mortar repair. 
 
6.3 FINITE ELEMENT ANALYSIS 
Finally, finite element analysis was utilized in this study to investigate the damaged 
end regions of PC I-girders and the effectiveness of CFRP laminate shear reinforcement 
repairs under a low shear span-to-depth ratio. The results of the shear pullout tests on 
unaged and aged CFRP laminates were used to predict reduction in bond stress-slip 
properties of the FRP/concrete interface layer. Parametric studies were performed to 
determine the most effective use of externally bonded CFRP laminates to restore the 
capacity of a full-scale PC I-girder with a severely damaged end region. From this analysis, 
the following conclusions were drawn. 
• A conventional mortar repair is not enough to regain the strength and stiffness of a 
girder with a severely damaged end region, especially if the stirrups have 
experienced area loss due to corrosion. 
• FRP shear reinforcement should extend past the point of expected cracking in the 
web in order to prevent premature debonding failure of the FRP in middle of the 
web. If FRP is extended far enough, debonding will initiate at the top of the web. 
• Longitudinal FRP anchors at the top and bottom of the web can slightly delay 
debonding and help achieve higher shear strengths than with FRP shear 
reinforcement alone.  
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• In the case of a low shear span-to-depth ratio, addition of more plies of FRP may 
not be an economical or effective use of material. It can severely reduce the ductility 
of the FRP/concrete joint for relatively minor gains in strength and stiffness of the 
member. 
• Even after a 32.1% reduction in the peak bond stress and 44.7% reduction in 
stiffness of the FRP/concrete interface due to environmental aging, externally 
bonded CFRP laminates could regain the original stiffness and load capacity of the 
PC I-girder with a severely damaged end region. 
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